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Abstract
After injury, axons of the peripheral nervous system (PNS) regenerate, and yet functional recovery from
peripheral nerve injury is rare. This is because PNS axons regrow slowly and often toward inappropriate
targets. Peripheral nerves are composed of bundles of axons that exit the spinal cord via a shared path
and then diverge toward different targets forming a complex meshwork of nerve branches. These
branched bundles of axons are encased in layers of glia, endothelial cells, and associated extracellular
matrix (ECM). After nerve injury, severed axons degenerate and are cleared away, but the encasing cells
and ECM beyond the injury site remain as branched tube-like structures that lead to nerve targets. To
reconnect with their pre-injury targets, regenerating axons must navigate through these nerve tubes.
Importantly, at points where nerve tubes diverge into multiple branches (branch-points), regenerating
axons must select the branch that leads to their pre-injury target. Despite important implications for
functional recovery, the mechanisms that guide regenerating axons at nerve branch-points are poorly
understood. To probe the cellular and molecular mechanisms that guide regenerating axons, we exploit
the simple architecture of spinal motor nerves in larval zebrafish, which are composed of two axonal
populations that initially share a common path but diverge at a stereotyped branch-point to innervate
dorsal or ventral muscles. After laser nerve transection, axons regenerate along their original nerve
branch >80% of the time. Using genetic mutants and in vivo time-lapse imaging, we demonstrate that the
repulsive axon guidance receptor robo2 is necessary and sufficient to promote axon regeneration along
the dorsal branch. During regeneration, a small subset of glia at the nerve branch-point upregulate the
Robo-ligand slit1a and the ECM component col4a5. We demonstrate that robo2 functions in a common
molecular pathway with col4a5 to guide regenerating axons dorsally, and that the spatiotemporal
restriction of col4a5 to the nerve branch-point during regeneration is required to guide regenerating dorsal
axons. Our results provide the first cell-autonomous mechanism by which regenerating axons select
between nerve branches during regeneration and provide a molecular pathway by which glia at a nerve
branch-point guide regenerating axons via local ECM modifications.
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ABSTRACT
CHOOSING THE RIGHT PATH: ANALYSIS OF AXON GUIDANCE IN PERIPHERAL
NERVE REGENERATION
Patricia L. Murphy
Michael Granato

After injury, axons of the peripheral nervous system (PNS) regenerate, and yet
functional recovery from peripheral nerve injury is rare. This is because PNS axons
regrow slowly and often toward inappropriate targets. Peripheral nerves are composed
of bundles of axons that exit the spinal cord via a shared path and then diverge toward
different targets forming a complex meshwork of nerve branches. These branched
bundles of axons are encased in layers of glia, endothelial cells, and associated
extracellular matrix (ECM). After nerve injury, severed axons degenerate and are
cleared away, but the encasing cells and ECM beyond the injury site remain as
branched tube-like structures that lead to nerve targets. To reconnect with their preinjury targets, regenerating axons must navigate through these nerve tubes. Importantly,
at points where nerve tubes diverge into multiple branches (branch-points), regenerating
axons must select the branch that leads to their pre-injury target. Despite important
implications for functional recovery, the mechanisms that guide regenerating axons at
nerve branch-points are poorly understood.
To probe the cellular and molecular mechanisms that guide regenerating axons, we
exploit the simple architecture of spinal motor nerves in larval zebrafish, which are
composed of two axonal populations that initially share a common path but diverge at a
stereotyped branch-point to innervate dorsal or ventral muscles. After laser nerve
transection, axons regenerate along their original nerve branch >80% of the time. Using
viii

genetic mutants and in vivo time-lapse imaging, we demonstrate that the repulsive axon
guidance receptor robo2 is necessary and sufficient to promote axon regeneration along
the dorsal branch. During regeneration, a small subset of glia at the nerve branch-point
upregulate the Robo-ligand slit1a and the ECM component col4a5. We demonstrate that
robo2 functions in a common molecular pathway with col4a5 to guide regenerating
axons dorsally, and that the spatiotemporal restriction of col4a5 to the nerve branchpoint during regeneration is required to guide regenerating dorsal axons. Our results
provide the first cell-autonomous mechanism by which regenerating axons select
between nerve branches during regeneration and provide a molecular pathway by which
glia at a nerve branch-point guide regenerating axons via local ECM modifications.
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CHAPTER 1: BACKGROUND

The problem of axon guidance in peripheral nerve regeneration
Peripheral nerves control our bodies. Entering and exiting the spinal cord between
each vertebra, motor and sensory axons travel together in bundles called fascicles to
innervate our muscles and our skin. As they approach their targets, the bundled axons
separate into multiple branches that contact their individual targets. For example, the
motor component of the human facial nerve is comprised of five major branches that
ultimately terminate on 26 facial muscles (Fig. 1A), while the median and ulnar motor
nerves that control the hand form 13 major branches that innervate 30 muscles (Fig.
1C). In addition to motor axons, the nerves of the face and the hand contain sensory
axons, which carry vital information about our environment to our brain. Sensory nerves
help us localize dangerous temperatures and painful stimuli and also give us constant
feedback about how well our muscles are working, allowing us to coordinate and tune
our motor behaviors. Importantly, these bundles of motor and sensory axons are
encased in many layers of support cells and connective tissue (Fig. 1B). Schwann cells
ensheathe many kinds of axons in myelin, a fatty substance that provides insulation for
electrical nerve signals. Endoneurial cells (also called endoneurial fibroblasts) build a
protective layer of connective tissue called the endoneurium around axons and their
associated Schwann cells. Perineural glial encase multiple bundles of axons, Schwann
cells and their endoneurium in a cellular sheath called the perineurium (Jessen, Mirsky
and Lloyd, 2015). Finally, multiple perineural bundles are encased in an outer layer of
connective tissue called the epineurium (Peltonen, Alanne and Peltonen, 2013).
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Figure 1. Peripheral nerves are highly branched and their gross structure is preserved
distal to a nerve injury. Facial nerve innervation pattern adapted from AO Foundation Surgical
Reference (A). Longitudinal cross section of a healthy nerve (B) and a recently denervated nerve
in which axons have been cleared away by Wallerian degeneration and Schwann cells are
aligned in Bands of Büngner (B’). Innervation pattern of the hand: ulnar nerve, blue; median
nerve, green. Adapted from (Wynter and Dissabandara, 2018) (C).

As in many other areas of biology, the structure of peripheral nerves determines
their function. In other words, the branched shape of these motor and sensory nerves
determines which areas of the skin they can sense and which muscles they can control.
Thus, these nerve innervation patterns give us coordinated and voluntary control of our
face and hands, allowing us to smile or raise an eyebrow at our loved ones, type our
unsolicited opinions into Twitter, and perform mundane (but surprisingly complex) tasks
like drinking from a cup. These precious functions can be lost after nerve injuries that
disrupt motor and sensory axons and thereby disconnect our muscles and skin from our
brain. At the site of the injury, the nerve may be compressed (crushed), severed
(transected), or a large section may be entirely missing. Regardless of the nature of the
injury, the detached pieces of axons distal to the injury site are degraded and removed in
a process called Wallerian degeneration, leaving behind an axon-less nerve sheath
containing support cells and connective tissue (Fig. 1B’).
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The cells within the distal denervated nerve undergo many changes. Within the
perineurum, Schwann cells dedifferentiate, secrete pro-regenerative factors and line up
in Bands of Bunger, which provide growth-permissive scaffolds for regenerating axons
(Jessen and Mirsky, 2019). Endoneurial fibroblasts proliferate and upregulate
extracellular matrix proteins including chondroitin sulfate proteoglycans (Richard et al.,
2014). Despite these dramatic cellular changes, the overall structure of the distal nerve
remains intact as a branched tube leading toward the nerve’s original targets (Fig. 1B’).
Peripheral axons must regrow through these tubes to reach their original targets,
selecting the correct branch at each branch-point encountered along the way.
Depending on the location of the injury, a regrowing facial nerve axon may need to
successfully navigate five or more of these intersections to reach its original target (Fig.
1A), with any single wrong turn preventing it from doing so, and therefore impairing
functional regeneration. Thus, the branched architecture of peripheral nerves, while
crucial for their myriad functions, illustrates the central challenge of this thesis: how do
regenerating axons navigate to their original targets?

Prevalence and burden of peripheral nerve injuries and disorders
As peripheral nerves exit the brain and spinal cord to travel to their targets, they
leave behind the bony protection of the skull and spine, as well as the Blood Brain
Barrier which isolates the Central Nervous System (CNS) from the rest of the body
(Koyuncu, Hogue and Enquist, 2013). Nerves then grow along superficial paths to reach
their targets (i.e. muscles and skin), where they are vulnerable to damage from physical
injury, chemical exposure and viral infection.
Physical trauma is the most straightforward cause of peripheral nerve injury (PNI),
and yet the population-level incidence of trauma-related PNI in the United States is not
well documented. The most robust examination of annual PNI rates was performed in
3

2008 by Taylor and colleagues, who used insurance records to assess the prevalence of
PNI-related healthcare encounters occurring within 90 days of documented limb trauma
(Taylor et al., 2008). Their dataset included 16 million demographically diverse patients
living in all 50 states and insured by over 150 different providers. Extrapolating from their
findings, one can predict roughly 90,000 new PNIs per year in the U.S. resulting from
limb trauma alone (9-month PNI prevalence = 220,593 incidences of limb trauma out of
16 million insured x 1.64% nerve injury rate x 2020 US population of 331 million). This
estimate is higher than those that can be extrapolated from the findings of other groups
who have examined medical records of patients admitted to Level I trauma centers.
Among this patient population, rates of traumatic PNI range from 1.12% (Castillo-Galván
et al., 2014) to 2.8% (Noble et al., 1998). On average, there were ~500 trauma
discharges per 100,000 Americans from 2000 to 2011 (Dimaggio et al., 2016), allowing
one to predict an annual case-rate of at least 18,500 trauma-related PNIs in the U.S.
Nerve entrapment, which refers to nontraumatic nerve compression injury caused by
repetitive movement, is not included in any of the above estimates. Carpal Tunnel
Syndrome is often referenced as the most common form of nerve entrapment injury.
Rates of Carpal Tunnel in the general population are often reported as 3-5% (Genova et
al., 2020; Silver et al., 2021), a figure that is based upon a 1999 survey conducted in
Sweden with a sample size of less than 3000 individuals (Atroshi et al., 1999).
Independent studies with similarly small sample sizes have reported rates of Carpal
Tunnel as low as 0.28% in a general population (Mondelli, Giannini and Giacchi, 2002),
while rates in certain industrial worker populations, such as meat packers, may be as
high as 21% (Dale et al., 2013). Thus, comprehensive analyses of PNI prevalence, even
limited to specific physical causes, are largely unavailable. Using the most conservative
of all available figures, I estimate that PNI caused by physical nerve damage affects at
4

least one in 350 Americans (2020 US population of 331 million divided by (18,500 for
trauma + 0.28% of 331 million for entrapment)).
Importantly, physical trauma is far from the only cause of peripheral nerve damage.
Each year 1.8 million Americans are diagnosed with cancer, the most common treatment
for which, chemotherapy, causes peripheral nerve damage in 19-85% of patients
depending on the drug (Zajaczkowską et al., 2019). The Foundation for Peripheral
Neuropathy estimates that 30-40% of cancer patients are affected by chemotherapy
induced peripheral nerve damage. In addition, up to 50% of the 34 million people living
with HIV suffer from peripheral neuropathy related to their treatments and disease
progression (Schütz and Robinson-Papp, 2013). Diabetes is another leading cause of
peripheral nerve damage, due to sugar-induced damage to blood vessels that support
nerves. This disease affects over 10% of the U.S. population (Centers for Disease
Control and Prevention, 2020), up to 70% of whom suffer from peripheral neuropathy
(Foundation for Peripheral Neuropathy, 2021). Peripheral nerve damage is also a
hallmark of many autoimmune disorders, including Guillan-Barré syndrome, which
affects one in 100,000 people annually (National Institutes of Health, National Institute of
Neurological Disorders and Stroke, 2021). In addition, certain genetic disorders result in
peripheral nerve damage, including Charcot Marie Tooth disease, which currently affects
150,000 Americans. Finally, viral infections can damage peripheral nerves. For example,
many cases of Bell’s Palsy, which describes tremors and/or paralysis of the face and
affects 20-30 per 100,000 patients each year, may be attributable to Herpes Simplex
Virus (Gilden, 2004). Given the myriad causes of peripheral nerve damage, it is not
surprising that the total number of patients affected, although great, is difficult to assess.
Regardless of the underlying cause, symptoms of peripheral nerve damage can
include pain, tingling, numbness, poor motor control (i.e. inability to regulate grip
5

strength), involuntary tremors and paralysis. Patients suffering from these symptoms
often learn that the peripheral nervous system (PNS), unlike the central nervous system
(CNS), has retained an innate capacity for regeneration. This hopeful-sounding
prognosis is a blessing and a curse. It means that recovery is often at least a remote
possibility, and yet it is a curse because treatment options are limited to strategies that
coax spontaneous PNS axon regeneration. The most technologically advanced
treatment available for PNI is microsurgical nerve repair, the goal of which is simply to
reconnect the ends of a severed nerve, either directly or via a graft, so that the injured
axons can regrow across the injury gap (Sulaiman and Gordon, 2013). Non-surgical
treatments are often preferred in cases where no obvious physical trauma occurred;
these include physical therapy (Armada-da-Silva et al., 2013) and electrical stimulation
of the regenerating nerve and its targets (Gordon, 2016). In cases where nerve damage
is ongoing, as in peripheral neuropathies caused by diabetes or chemotherapy,
treatments are virtually nonexistent. Regardless of whether any surgical or other
intervention is pursued, the most important aspect of treating peripheral nerve injury is
simply to wait-and-see whether the axons regrow and reestablish functional connections
with their targets.
Given the dearth of treatment options, it is not surprising that full functional recovery
from nerve injury is rare. Prognosis is best for injuries that disconnect axons from their
neuronal cell bodies without disrupting the continuity of the nerve sheath (i.e.
entrapment). It is widely accepted among researchers that axons can regrow robustly
and reconnect with appropriate targets after these so-called “crush” injuries, particularly
in animal models (Nguyen, Sanes and Lichtman, 2002). Yet for human patients,
outcomes after crush injuries are very often poor (Alvites et al., 2018). For nerve injuries
that completely sever all layers of a nerve, including the epineurium, it has been
6

estimated that as few as 10% of patients fully recover, even with state-of-the-art surgical
intervention (Brushart, 1998). Importantly, measures of functional recovery are inherently
specific to each nerve injury and therefore difficult to compare, even across animal
models of PNI (Wood et al., 2011). Patient populations are even more difficult to
compare as differences in age, injury site and severity, delay of surgical repair and even
nerve type have been shown to influence functional recovery (Ruijs et al., 2005).
Three main factors determine the likelihood of recovery: axonal growth rate, health of
the target (end organ), and guidance toward the end organ. On average, peripheral
nerve axons regrow at 1-3mm per day (Scheib and Höke, 2013; Sulaiman and Gordon,
2013), and therefore, time to potential recovery depends upon the distance that a
regenerating axon must travel to reach its original target. For most injuries, regeneration
over the required distance occurs over weeks to months. Minimizing this timeframe is
critical because if axons regrow too slowly, then distal structures including Schwann
tubes and end organs can degenerate, reducing the chances of functional recovery if
and when axons ever arrive (Menorca, Fussell and Elfar, 2013). In addition to growing
back quickly and toward a healthy end organ, axons must regrow in the correct direction
to restore functional connections. When regenerating axons are misdirected, this not
only impairs functional recovery but can also cause remodeling of circuits in the CNS
(Lundborg et al., 1986a; Navarro, Vivó and Valero-Cabré, 2007), chronic pain
(Lundborg, 2003; Prather et al., 2011; Vikström et al., 2018) and/or motor synkinesis
(Sumner, 1990), which describes the pairing of voluntary movements with involuntary
ones. Importantly, many experimental therapies designed to promote and accelerate
axonal regrowth, including electrical stimulation, simultaneously increase the misrouting
of regenerating axons (Gordon and English, 2016). Together, these factors (1) explain
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why patient outcomes after nerve injury are often poor and (2) present concrete
challenges to nerve regeneration researchers who aim to improve this outlook.
Given the diverse underlying causes of peripheral nerve damage, their poorly
documented incidences and the diverse outcomes experienced by patients, it is difficult
to accurately assess the societal and economic costs of peripheral nerve disorders.
Tapp and colleagues found that in 2014, the average cost of U.S. Emergency
Department (ED) care for upper extremity PNI was over $5500 (Tapp et al., 2019).
Importantly, treatment for PNI may begin but often does not end in ED, as patients with
PNI may be admitted the hospital and/or undergo surgery. A 12-year (2001-2013) cost
analysis of inpatient treatment for upper extremity PNI identified 43.8 incidences per 1
million Americans with an average treatment cost of $47,000 (Karsy et al., 2019). Based
upon the U.S. population in 2013, these numbers predict an annual care cost of $650
million for upper extremity PNI alone. In the most inclusive analysis to date, Kurt Brattain
of Magellan Medical Technology Consultants estimated that in 2009, the U.S. market for
microsurgical nerve repair of both upper and lower extremity PNIs across inpatient,
outpatient, and emergency contexts was worth up to $1.93 billion (Brattain, 2014).
Importantly, this estimate does not include costs associated with peripheral nerve
damage for which microsurgical nerve repair is not a treatment option. For example,
diabetic peripheral neuropathy and its associated complications cost up to $13.7 billion
in the U.S. in 2001 (Gordois et al., 2003).
The above estimates also do not include costs that are more difficult to measure, like
emotional suffering and lost wages, particularly of uninjured individuals providing unpaid
care and assistance to patients with PNI. A meta-analysis of 21 studies examining the
costs of hand and wrist injuries found that acute injury to the median or ulnar nerve costs
over $150,000 on average, of which over 95% is attributable to such indirect costs
8

(Robinson et al., 2016). Finally, the psychological costs associated with PNI are
substantial and often overlooked (Wojtkiewicz et al., 2015). Patients suffering from
peripheral neuropathies often experience depression and anxiety (Torta, Ieraci and Zizzi,
2017). Traumatic PNI results in devastatingly sudden functional impairments, the
psychological effects of which can reverberate for decades (Chemnitz, Dahlin and
Carlsson, 2013) and sometimes lead to post traumatic stress disorder (Miller et al.,
2017). Thus, although the overall burden of peripheral nerve damage is difficult to
quantify in terms of patient numbers or economic and social costs, it is certainly vast. To
improve outcomes for affected patients and their families, we must work to understand
the cellular and molecular mechanisms that promote peripheral nerve regeneration and
guide regenerating peripheral axons.

Brief history of peripheral nerve repair and regeneration
The modern study of the cellular and molecular mechanisms of peripheral nerve
regeneration rests upon the shoulders of generations of physicians, most notably
surgeons, whose careful anatomical drawings and detailed case studies laid an early
foundation of understanding and highlighted central challenges in the field. These
researchers would likely be stunned by and jealous of the methods available to today’s
graduate students who can visualize nerves with powerful microscopes and fluorescent
transgenes, grow multicellular nerve-like structures in vitro, and even transect nerves
with lasers. And yet today’s graduate students are captivated by many of the same
questions as these early physicians: What happens to the cells in peripheral nerves after
an injury? What are the mechanisms by which peripheral nerves regenerate? How can
physicians treat nerve injury so that lost functions are fully restored? These centuries-old
questions reflect the complex and still unsolved nature of the problem of peripheral
nerve injury. As in all other fields of medical science, our understanding of peripheral
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nerve regeneration has been built by people, whose ideas often turned into dogma that
dictated the pace of advancement in the field, even when contradicted by rigorously
obtained data. As a result, the publication of important discoveries was often delayed
(assuming it ever occurred) and ground-breaking advances in surgical treatments, such
as the use of glue rather than sutures to reduce scarring at the site of repair, were
discovered, disputed, forgotten, and rediscovered multiple times (Friedman, 2009).
Despite this meandering path, these physicians and scientists laid the foundation of our
current study of peripheral nerve regeneration, and we owe them a great debt.
References to peripheral nerve injury and repair are largely missing from the Ebers
and Smith Papayri, which offer the most extensive available catalogues of ancient
Babylonian and Egyptian medical knowledge. These texts were written around 1700 and
1500BC, respectively, and parts of each were copied from pre-existing volumes dating
back to as early as the 3rd millennium BC (Breasted, 1930; Bryan, 1930). Notably, the
Smith Papyrus includes some of the oldest descriptions of brain and spinal cord injuries,
and its prescribed interventions, immobilization and waiting, are eerily similar to the
standard of care today (Goodrich, 2004).
In the 5th century BC, Hippocrates taught that the brain was the seat of the mind and
emotions while the spine mediated the ability to move and sense. He is credited with the
first descriptions of many nervous system disorders including migraines, epilepsy and
multiple sclerosis (Breitenfeld, Jurasic and Breitenfeld, 2014). Yet if he provided any
specific descriptions of peripheral nerve repair, these works are perhaps lost to history.
In his text On Surgery, he advises physicians to ensure that the muscles, bones and
nerves of operated limbs are “properly arranged and secured,” suggesting that surgeons
of the time may have physically manipulated nerves (Hippocrates, 400 B.C.).
Importantly, dissecting the views of early Greco-Roman doctors on nerve repair is
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complicated by the fact that the Greek word νευρα (neura), from which the English
neuron is derived, was in the time of Hippocrates predominantly used to refer to tendons
and objects derived from them (i.e. bowstrings) (Mehta et al., 2020). The first record of
νευρα being unequivocally attributed to the nervous system was in the 3rd century BC
when Herophilus and Erasistratus, Greek physicians practicing in Alexandria, performed
their extensive characterizations of neuroanatomy (Walsche, 2016). In the 2nd century
AD, Galen of Pergamon built upon their work, performing the earliest documented nerve
transection experiments, most notably on the recurrent laryngeal nerve in live pigs
(Kaplan et al., 2009). Thus, while those before him simply described the nervous
system, Galen’s vivisection experiments clearly demonstrated the functions of peripheral
nerves.
It is not clear whether Galen or his contemporary physicians believed that injured
nerves could be repaired or attempted to do so. Persian surgeons Rahzes (850-932
A.D.) and Avicenna (980-1037 A.D.) are often credited with the first uses of sutures to
repair severed nerves (Terzis, Sun and Thanos, 1997). However, the practice was likely
attempted earlier, as sutures were routinely used to close wounds and reattach severed
muscles in the time of Galen (Majno, 1975). A case of successful nerve suture using a
woman’s hair is attributed to Hippocrates in a 16th century work by an Ottoman Surgeon
known as Ibrahim. Notably, this story is presented as a counterpoint, directly following
Ibrahim’s assertion that it was the consensus of physicians “all around the world” that no
treatments existed for nerve injuries: “Besides, they pronounce that bone may fuse bone
and muscle may stick on muscle; however, nerve never unites nerve” (Belen, Aciduman
and Er, 2009). Despite this prevailing dogma, Medieval surgeons including Guglielmo da
Saliceto and Guy de Chauliac attempted to repair nerves with sutures, although their
exact techniques are unknown (Terzis, Sun and Thanos, 1997). The oldest surviving
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technical description of end-to-end nerve suture was published by Gabriele Ferrara in
1596 (Artico et al., 1996). Ferrara’s methods were very similar in concept to those of
modern surgeons, but despite his advocacy for the technique, surgical nerve repair was
rarely practiced by his contemporaries (Sunderland, 1991). This is perhaps because the
capacity of severed nerves to regenerate, even after suture, was assumed to be too
poor to justify the inherent horrors of pre-aseptic surgery in awake patients.
The first rigorous experimental evidence that peripheral nerves could regenerate is
attributed to Cruikshank who, in the late 18th century, performed serial transections of
the vagus nerve in dogs (Cruikshank, 1795). Notably, these results were not published
until 20 years after they were first communicated to Royal Society in London, during
which time others including Haighton and Michaelis performed similar experiments and
corroborated Cruikshank’s findings. Some accounts suggest that Sir John Pringle, then
President of the Royal Society, suppressed Cruikshank’s results because they
contradicted the data of a friend (Holmes, 1954; Friedman, 2009). The idea that nerves
could regenerate remained controversial for decades, and from this debate emerged
another around the source of regenerated nerve fibers. Based upon observations of
axonal degeneration in the distal stump following nerve injury, Waller proposed
(correctly) that regenerating axons are attached to the neuron cell body and grow out of
the nerve stump proximal to the injury (Waller, 1852). This idea was derailed by
clinicians including James Paget who argued that regeneration from the proximal stump
would be too slow to account for the speed of functional recovery observed in patients
after nerve injury. He proposed that nerve fibers did not regenerate but instead fused
with intact distal fibers at the site of the injury (Paget, 1863). A third idea was later
proposed by Schwann, who agreed with Waller that the distal axon degenerated after
injury, but purported that each Schwann cell in the distal nerve stump generated a
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segment of new axon. These axonal pieces ultimately fused with each other and with the
proximal axon, repairing the nerve (West, 1978). This debate continued until the early
1900s, when Ramon y Cajal used Golgi’s stain to demonstrate that peripheral axons
regenerate out of the proximal stump, definitively confirming Waller’s intuition of 50 years
before (Lobato, 2008).
This information came just in time, as surgeons were confronted with abundant nerve
injuries sustained by soldiers in World Wars I and II. Through his practice treating warrelated injuries, British surgeon Sir Herbert Seddon was able to catalogue an
unprecedented variety of peripheral nerve injuries, ultimately creating a scale of injury
severity that is still used today (Seddon, 1950). Seddon also made significant
improvements

upon

available

nerve

grafting

techniques,

persevering

despite

inconsistent and often disappointing clinical outcomes (Seddon, 1963). Australian
physician Sydney Sunderland expanded upon Seddon’s injury scale, drawing upon his
own experience treating WWII soldiers, but his greatest contribution to the field was his
characterization of the internal anatomy of the nerves of the arm and leg (Sunderland,
1945; Sunderland and Ray, 1948). This information laid the conceptual foundation for
surgical joining of intraneural fascicles, which was pioneered by F. William Bora with the
introduction of the surgical microscope (Bora, 1967). In the 1970s, Millesi and Berger
further perfected fascicular repair techniques by incorporating nerve grafts, achieving
clinical results that would have made Seddon’s jaw drop (Berger and Millesi, 1978). To a
large extent, surgical nerve repair techniques have not changed since these innovations
(Lundborg, 2000; Höke, 2006; Sulaiman and Gordon, 2013), and yet there is ample
room for improvement in patient outcomes. The lack of advancement in the field led the
prominent neurosurgeon Roger Madison to suggest in 2007 that the “limits of

13

mechanical [nerve] repair techniques have been reached” (Madison, Robinson and
Chadaram, 2007).
This apparent ceiling in clinical outcomes highlights the reality that it is not enough to
simply provide a pathway for regeneration if axons are unable to follow it all the way to
their targets. Recently, many groups have made substantial progress toward increasing
the rate and distance of axon outgrowth after injury (Lim et al., 2016; Anderson et al.,
2018; Frendo et al., 2019; Tajdaran et al., 2019; Tedeschi et al., 2019; Zuo et al., 2020).
Yet even robust axonal regrowth cannot restore function without guidance toward
appropriate targets. At the end of his long career in the field of nerve repair, Sydney
Sunderland concluded, “The core of the problem is not promoting axon regeneration, but
in getting them back to where they belong” (Sunderland, 1991). The central aim of this
thesis is to identify mechanisms that guide regrowing axons toward appropriate targets.
In the future, by combining optimal surgical repair with treatments that promote axonal
growth and guidance, physicians may finally be able to “cure” peripheral nerve injuries.

From Forssman to Brushart: 100 years of making room for axon guidance in
nerve regeneration
The earliest experimental evidence that regenerating axons might be attracted to
their original targets was published by John Forssman in 1898 (Forssman, 1898). He
observed that regenerating axons grew preferentially toward distal nerve stumps in
experimental animals and in straw tubes of various shapes; he called this guidance
“neurotropism.” Ramon y Cajal corroborated these findings and proposed that distal
nerve stumps might produce diffusible chemical signals that attracted regenerating
axons; he even went so far as to speculate that different chemicals might selectively
guide subsets of nerve fibers (Ramon y Cajal, 1928). As with most ideas in the field of
peripheral nerve regeneration, neurotropism was not accepted without controversy. Paul
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Weiss was the most prominent dissenter in this debate. In a set of experiments very
similar to Forssman’s, Weiss used Y-shaped grafts made of arteries to test whether
regenerating axons grew preferentially toward denervated nerves. He found no evidence
that regenerating axons had any preference for arterial tubes leading to denervated
nerves when compared to empty tubes or tubes leading to tendons (Weiss and Taylor,
1944). He concluded that regenerating axons were guided by mechanical influences,
rather than chemical factor(s) acting from a distance.
It is important to consider that Weiss held particular assumptions about peripheral
nerve function that may have influenced his experimental design and data interpretation.
Based upon limb transplant experiments in salamanders, he proposed that the functions
of peripheral nerve axons are determined by their targets via a principle he called
“resonance.” This theory states that peripheral axons initially innervate motor and
sensory fields at random; axonal signals, which are also initially random, are then
“modulated” to match the modality and function of the end organ (Weiss, 1936).
Importantly, if such a resonance principle governed nerve function in regeneration, then
axon regeneration need not be target selective. In a clever experiment, Weiss
interrogated both the target selectivity of regenerating axons and his principle of
resonance. To do this, he used the rat femoral nerve, which bifurcates into two major
branches: one sensory and one motor. He transected both of these branches and then
sutured the ends of mismatched stumps together (motor to sensory and sensory to
motor). Finding that sensory axons grew robustly along motor pathways, he once again
concluded that peripheral nerve regeneration was nonselective. He did, however,
concede that regenerated sensory axons could not form functional connections with
muscles (Weiss and Edds, 1945).
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Weiss’s student, Roger Sperry, adapted this experimental design to show that
functional axon regeneration required target specificity, even within axons and targets of
the same modality. By transecting motor nerves and suturing them to antagonistic
muscles in rat (Sperry, 1941), monkey (Sperry, 1947) and fish (Sperry and Deupree,
1956), Sperry demonstrated that motor axons regenerated toward and formed
electrically functional connections with antagonistic muscle, but these connections
impaired rather than restored function. Based upon these observations, Sperry
interpreted functional recovery after oculomotor axon transections in fish as evidence of
target-selective regeneration (Sperry and Arora, 1965). Richard Mark’s work in the
pectoral fin supported this: function was restored after nerves were simply transected,
but not if they were crossed and sutured to antagonistic muscles (Mark, 1965). Together,
this body of work suggested that functional regeneration required axons to reconnect
with their original targets and reignited the question of whether poor functional recovery
after peripheral nerve injury in mammals could be attributed to nonselective
reinnervation. Using back-labeling approaches, Marsel Mesulam’s group demonstrated
that after sciatic nerve transection in rats, motor axons innervate antagonistic muscles
and sensory fields (Brushart and Mesulam, 1980; Brushart, Henry and Mesulam, 1981).
Thus, misguidance of regenerating axons therefore gained traction as an underlying
cause of poor functional outcomes after nerve transection in mammals.
Researchers at the time surmised that the ability to guide regenerating axons toward
appropriate targets could improve nerve repair outcomes in humans and therefore
turned their attention toward identifying mechanisms that influenced the direction of
regenerating axon outgrowth. Göran Lundborg repeated Weiss’s experiments using
silicon tubes instead of arteries; he found that regenerating axons preferentially grew
toward distal nerve stumps when given equal access to tendons or empty tubes
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(Lundborg et al., 1986b), lending new evidence, almost 100 years later, to support
Forssman’s intuitions about neurotropism. Michael Politis saw similar results and
unsuccessfully attempted to block this neurotropic effect using filters, leading him to
suggest that diffusible factors (rather than migrating cells) were responsible for
neurotropic guidance (Politis, Ederle and Spencer, 1982). He also showed that axons
preferred to grow toward their “native” distal stumps, when given equal access to distal
stumps of another nerve (Politis, 1985). This demonstrated that regenerating axons are
actively guided toward their original pathways, but the cellular and molecular
mechanisms underlying these effects remained elusive.
Enter American hand surgeon Thomas Brushart. Brushart was dissatisfied with the
artificial “choices” presented to regenerating axons by Weiss and sought to determine if
and how often regenerating motor axons could discriminate between motor and sensory
targets in vivo. To test this, he revisited Weiss’ rat femoral nerve transection model with
one important experimental modification: he gave motor axons in the proximal stump
equal access to sensory and motor targets (Fig. 2A). Brushart’s decision to give motor
axons the opportunity to choose between two different pathways turned out to be
groundbreaking and led to a rich body of work demonstrating target selective
regeneration of motor axons after injury, which Brushart termed Preferential Motor
Reinnervation (PMR). To examine the target selectivity of motor axon regeneration at
various timepoints after the initial injury, the sensory and motor pathways are
retransected at the level of the target (muscle or skin) and the axons that regenerated
along each pathway are retrogradely labeled (Brushart, 1990). Using this paradigm,
Brushart showed that when given equal access to sensory and motor stumps, motor
axons preferentially grew for long distances toward and into the motor stump (Brushart
and Seiler IV, 1987). Furthermore, the specificity of this reinnervation increased overtime
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(Brushart, 1990). Using and expanding upon this model, Brushart and his trainees built a
very solid foundation of knowledge to guide future questions about how regenerating
axons select their pathways and targets. This work is discussed in appropriate context
below.

Mechanisms of axon guidance in peripheral nerve regeneration: it’s all in the
timing, Part I
Axon regeneration occurs in staggered waves, with a small group of axons extending
out of the proximal stump very early (Gribble et al., 2018; Ducommun Priest et al., 2019).
Subsequent waves of regenerating axons follow these “pioneers,” which perhaps
provide a permissive growth scaffold (Al-Majed et al., 2000; Huang et al., 2009). When
regenerating axons reach and form synapses with their targets, these connections are
refined via mechanisms that are not well characterized, but likely include both
neurotrophic and competitive influences that result in removal of aberrant connections
(Turner et al., 2011; Zelada et al., 2021). This general sequence of events is very similar
to what occurs during nerve development (Sanes and Lichtman, 1999; Raper and
Mason, 2010). Concurrent with these waves of axon outgrowth, the distal nerve stump
evolves over time following denervation. The best characterized of these changes occur
in denervated Schwann cells, which dedifferentiate into a repair-like state and upregulate
injury-response genes including c-Jun (Jessen and Mirsky, 2016). Although less well
characterized, other cells in the denervated nerve exhibit phenotypic plasticity after injury
(Cattin and Lloyd, 2016), and the ECM components of the distal stump, particularly
collagens, undergo substantial remodeling (Koopmans, Hasse and Sinis, 2009). In
general, these early changes are hypothesized to make the distal stump environment
more supportive for axon regeneration. Consistent with this idea, pre-degenerated nerve
grafts have been shown to be more effective than fresh ones in promoting target
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selective regeneration (Brushart et al., 1998; Abdullah et al., 2013). Importantly, the
environment in the distal stump continues to change even after the initial injury
response. For example, Schwann cells upregulate evolving subsets of neurotrophic
factors over post injury time and along the proximo-distal axis of a denervated nerve (A.
Höke et al., 2006; Brushart et al., 2013). Thus, functional nerve regeneration requires
the dynamic coordination of staggered waves of regenerating axons and the transient
changes in the distal nerve that support and guide them.

Figure 2. Phases of target selective axon regeneration. PMR nerve repair paradigm used by
Brushart’s group schematized in (A). General degree of target selective motor axon regeneration
is schematized in three phases: initial outgrowth or “pioneers” (B), follower outgrowth (C), and
pruning (D). In these phases, motor axons that have projected along only the motor pathway are
depicted in green; those along only sensory pathway are depicted in magenta; those with
collaterals along both pathways are depicted in blue. Motor pathway is highlighted in green,
sensory pathway in black. In timeline below (B)-(D), magenta line corresponds to pioneer phase
(B), orange line to followers phase (C), and green line to pruning phase (D). Note: the temporal
boundaries between these phases are estimates and may vary slightly from what is shown here.

From Brushart’s PMR model, we learned that the three main phases of axon
regeneration (initial/pioneer axon outgrowth, follower outgrowth, refinement/pruning)
exhibit different degrees of target selectivity (illustrated in Fig. 2B-D). After femoral nerve
transection and repair, an initial wave of regenerating motor axons (0-3 weeks post
injury, Fig. 2B) grow along both the sensory and motor pathways with little to no
preference for the motor pathway (Brushart, 1990, 1993). Using transgenic mice,
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Brushart’s group estimated that ~25% of the total population of regenerating axons
emerge from the proximal stump during this early period. They found that these
pioneering axons often branched and sometimes traversed the distal stump laterally,
presumably sampling many Schwann tubes (Witzel, Rohde and Brushart, 2005). The
initial wave of axons is followed by multiple staggered waves of regenerating follower
axons (2-8 weeks post injury, Fig. 2C); these followers exhibit a much greater preference
for the motor branch than the pioneers before them (Brushart, 1990, 1993). Finally, PMR
increases even further via pruning of motor axons innervating the sensory pathway (6-10
weeks post injury, Fig. 2D) when aberrant axons are pruned away. Interestingly, this
pruning appears to predominantly eliminate sensory-pathway projections of motor axons
that also extended collaterals along the motor pathway (Brushart, 1990, 1993). This
suggests that there may be some influence of the motor pathway or muscle on the
pruning process at this stage; importantly, synaptic refinement and further pruning likely
continue on much longer timescales than those examined in PMR studies (MacKinnon,
Dellon and O’Brien, 1991). Together, these findings suggest that distinct and yet
interdependent mechanisms combine to govern target selectivity during the three main
phases of axon regeneration. Brushart’s group and others have examined the effects of
various experimental manipulations on pathway choice by regenerating motor axons
during each phase of PMR. These are summarized in Table 1 and discussed below.
Two candidate sources of neurotrophic influences on target selective peripheral
nerve regeneration are the distal nerve stump and the end organ to which that pathway
leads (i.e. muscle or skin). The relative influences of pathway and end organ on
selectivity of axon regeneration have been a topic of intense debate, but evidence points
to roles for both the motor pathway and the muscle in determining ultimate target
selectivity of regenerating motor axons (Madison, Sofroniew and Robinson, 2009). Using
20

the PMR paradigm, Brushart removed all end organs (muscle and skin) and allowed
regenerating motor axons to choose between sensory and motor pathways. He found
that motor axons still preferentially innervated the motor pathway in this context.
However, this manipulation reduced the number of follower axons and therefore the total
number of axons growing along the motor pathway (Brushart, 1993; Redett et al., 2005).
However, when Brushart reversed his PMR grafts so that the sensory pathway led to the
muscle and vice versa, motor axons selectively innervated the sensory pathway in order
to innervate the muscle (Brushart, 1993). Together, these experiments support the idea
that pathway and end organ exert hierarchical influences on target selective motor axon
regeneration.
To test the effects of collateral sprouting on target selective regeneration, Brushart
and colleagues crushed proximal stumps after nerve repair in the PMR model, thereby
increasing the total number of collateral sprouts emanating from the proximal stump.
They show that this manipulation increases the efficiency of pruning and suggest it also
increases the motor preference of the initial wave of regenerating axons (Brushart et al.,
1998). Alternatively, the apparent increase in initial pathway preference could be the
result of accelerated follower outgrowth, as follower axons are normally more motor
selective than those of the initial wave. Consistent with this idea, electrical stimulation,
which increases the total number of regenerating axons at early timepoints, shows a
similar increase in PMR at 3 weeks post injury (Al-Majed et al., 2000). This is likely due
to an accelerated follower effect, rather than actual increase in target selectivity by the
initial wave of regrowing axons. The most reliable way to influence the pathway choice of
the initial wave of regenerating axons is by manipulating the distal pathway. Given that
pre-degenerated grafts (~2 weeks post injury) increase PMR, one might expect that
crushing the distal stump would improve initial pathway preference. However, crushing
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either distal stump (sensory or motor) immediately after repair in the PMR model results
in preferential innervation of the other, uninjured pathway by the initial wave of
regenerating axons (Uschold, Robinson and Madison, 2007; Madison and Robinson,
2014). In contrast, if both branches are crushed, there is no effect of this manipulation
(Brushart et al., 1998). This suggests that the initial inflammatory changes in an injured
nerve pathway make the environment perhaps less permissive to regenerating axons,
while those of a pre-degenerated nerve graft promote target selective outgrowth.
Together, these experiments suggest that the staggered nature of axon outgrowth in
regeneration might be biologically relevant, as it allows time for the cells in the distal
stump to prepare the environment to support and guide regenerating axons.
This idea is further supported by experiments manipulating the timing of axon
outgrowth after injury. For example, the onset of axon regeneration can be accelerated
by electrical stimulation of the injury site (Al-Majed et al., 2000; Brushart et al., 2002).
This effect is thought to be mediated in part by accelerated gene expression changes in
the neuronal cell bodies of the injured axons, including upregulation of BDNF, its
receptor trkB and other Regeneration Associated Genes (RAGs) (Al-Majed, Brushart
and Gordon, 2000; Al-Majed, Siu and Gordon, 2004). Electrical stimulation of Schwann
cells in vitro also results in gene expression changes (Huang et al., 2010), and may
promote increased axon outgrowth (Koppes et al., 2014), although any such changes in
the distal stump have not been examined in vivo. Although the cellular and molecular
effects of electrical stimulation are still being worked out, it has been shown to improve
functional recovery in animal models and (Gordon and English, 2016) in some PNI
patients (Gordon et al., 2009). In some paradigms, however, electrical stimulation has
been shown to increase mistargeting by regenerating axons (Arthur W English, 2005;
Gordon and English, 2016). I hypothesize that this mistargeting is caused by a mismatch
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in timing between axonal regrowth and changes in the distal stump. Given that guidance
of regenerating axons correlates directly with functional recovery (Fu and Gordon, 1997;
O’Daly, Rohde and Brushart, 2016), it is critically important that we work toward a
nuanced understanding of the mechanisms that guide each subtype of regenerating
axon, how those mechanisms fit together in sequence, and how they are affected by
measures that accelerate axon outgrowth.
A limited number of the cellular and molecular mechanisms underlying targetselective axon regeneration have been identified. After injury, Schwann cells upregulate
branch- and modality-specific genes that may affect target selectivity (Ahmet Höke et al.,
2006; Jesuraj et al., 2012; Brushart et al., 2013). For example, L2/HNK-1 is preferentially
expressed by denervated Schwann cells that previously contacted motor axons early as
1 week after injury, making it a good candidate to mediate branch selectivity during the
initial wave of axon outgrowth (Martini et al., 1992; Martini, Schachner and Brushart,
1994). After denervation, motor pathways upregulate osteopontin, while sensory
pathways upregulate clusterin. In an elegant experiment, grafts from osteopontin and
clusterin knockout mice were used to repair wildtype denervated motor and sensory
nerves, respectively. Motor regeneration was reduced in the osteopontin knock out graft,
while sensory regeneration was reduced in the clusterin knock out graft, consistent with
roles for these secreted factors in promoting modality-specific axon regeneration (Wright
et al., 2014).

Manipulation

Details (source)

Remove end
organ
(muscle)
Mismatched

(Brushart, 1993)
(Redett et al.,
2005)
(Brushart, 1993)

Effect on number of axons innervating
muscle at each stage of PMR
0-3 WPI
2-8 WPI
6-10 WPI
Pioneers
Pruning
Followers
Unaffected
Unaffected

Reduced
Reduced

Unaffected
Unaffected

Not reported

Not reported

Unaffected
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end organ
(sensory ->
muscle)
Crushed
proximal
stump
Injured distal
pathway

(Brushart et al.,
1998)

Increased

Not reported

Increased

Sensory and
motor pathways
crushed (Brushart

Unaffected

Not reported

Unaffected

Decreased

Not reported

Not reported

Increased

Not reported

Unaffected

Decreased

Not reported

Not reported

Increased

Not reported

Not reported

Increased*

Accelerated

Unaffected

Unaffected

Not reported

Not reported

et al., 1998)

Motor pathway
crushed (Uschold,
Robinson and
Madison, 2007)

Sensory branch
transected and
ligated
(Uschold, Robinson
and Madison, 2007)

Motor pathway
crushed
(Madison and
Robinson, 2014)

Sensory branch
transected and
ligated
(Madison and
Robinson, 2014)

Electrical
stimulation

20Hz, 2 weeks
post injury (AlMajed et al., 2000)

20Hz for 1hr, 1
week prior to
injury (Brushart et
al., 2002)

Table 1. Summary of experimental manipulations on motor target preference of
regenerating motor axons in PMR paradigm. WPI refers to weeks post injury. Note:
exact timepoints may vary slightly in each work cited. *In Al-Majed et al. 2000, the increase
in motor reinnervation at 2WPI likely reflects accelerated follower regeneration, rather than
increased selectivity of pioneers.

Additionally, there are intrinsic differences between neuronal subtypes that influence
their pathway choices in regeneration. In a PMR-like paradigm in the mouse, neural cell
adhesion molecule (NCAM) was found to be required for selective motor reinnervation.
The NCAM post-translational modification polysialic acid (PSA) is required for NCAMs
role in PMR and also upregulated more strongly in regenerating motor axons than in
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regenerating cutaneous axons (Franz, Rutishauser and Rafuse, 2005). Differences in
PSA expression levels were later found to underly differences in the degree of PMR
exhibited by different pools of motor neurons (Franz, Rutishauser and Rafuse, 2008).
There is also evidence that neuronal subtypes are differentially responsive to measures
that affect their outgrowth. For example, inhibiting the small GTPase RhoA is a common
strategy to promote axon outgrowth in inhibitory environments (Gu et al., 2013). After
nerve crush in mice, RhoA inhibition was found to promote motor axon regeneration, but
this manipulation did not affect sensory axon regeneration (Joshi et al., 2015),
suggesting a difference in RhoA regulation or the regulation of its gene network between
sensory and motor neurons. Similar gene regulatory differences could explain why
electrical stimulation often improves targeting of regenerating sensory axons (Brushart et
al., 2005) but impairs the target-selectivity of regenerating motor axons (Arthur W
English, 2005). Thus, axon guidance in regeneration is influenced by differences in gene
expression and regulation between and along nerve pathways, as well as between
neuronal subtypes.
The above mechanisms represent the start of a long journey toward understanding
target-selective nerve regeneration. From where we stand now, it is clear that the
answer to many of debates throughout the history of the field is “both and.” In peripheral
nerve regeneration, there are roles for both mechanical and diffusible factors, both the
nerve pathway and the end organ, both neuron extrinsic and intrinsic factors. The
precise cellular and molecular mechanisms underlying those roles are as of yet largely
unclear, and so there is plenty of room for everyone to study the problem from their
favorite angle. Importantly, it is also clear that axon guidance during peripheral nerve
regeneration is mediated by the coordinated unfolding of a vast repertoire of axonal and
environmental mechanisms. Thus, while we must examine the problem from as many
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perspectives as possible, we must also do the hard work of piecing what we learn
together in temporal and spatial context, like a 4D jigsaw puzzle. It is my hope that this
thesis contributes another small piece of that puzzle.

Axon guidance cues and ECM in regeneration
The functional unit of axon guidance during both development and regeneration is
the growth cone, an actin-rich structure at the tip of each growing axon (Lowery and
Vactor, 2009). During development, axons are guided to their targets via the
combinatorial influence of conserved axon guidance cues on their growth cones, which
express receptors for these molecules (Evans and Bashaw, 2010). Axon guidance cues
are generally categorized as either attractive (i.e. Netrin) or repulsive (i.e. Slit) with
respect to their effect on the direction of growth cone extension, and yet these
distinctions of valence are not absolute. For example, Netrin and its receptor DCC
promote growth cone attraction via DCC homodimers, but this same receptor-cue pair
promotes growth cone repulsion in contexts where DCC forms heterodimers with
another Netrin receptor called UNC5 (Boyer and Gupton, 2018). In addition, growth cone
interpretation of axon guidance cues is filtered by local ECM modifications. For example,
chondroitin sulfate proteoglycans (CSPGs) often promote growth cone stalling while
heparan sulfate proteoglycans (HSPGs) often promote growth cone extension (Shen,
2014).
Mechanistically, axon guidance cues can influence the direction of growth cone
extension both by direct contact and through diffusible gradients. For example, Netrin1
guides developing spinal commissural axons to the floor plate both through direct
contact along their path (Varadarajan et al., 2017) and at long-range, via a diffusible
gradient (Wu et al., 2019). The guidance decisions made by developing axons therefore
depend upon interactions between guidance cues and ECM molecules expressed in the
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environment and the unique guidance receptor expression-profile of each growth cone.
Differential guidance receptor expression allows multiple axonal populations to navigate
a common developmental environment and ultimately reach different targets (Evans and
Bashaw, 2010).
The roles of axon guidance receptors are heavily dependent upon the context and
cell types involved. For example, in the developing nervous system, the axon guidance
cue Slit and its Roundabout receptor (Robo) mediate repulsion of spinal commissural
axons (Kidd, Bland and Goodman, 1999), but promote branching of sensory axons
(Wang et al., 1999) and fasciculation of motor axons (Jaworski and Tessier-Lavigne,
2012). Many developmental axon guidance molecules, including Slit and Robo, are
expressed in the adult nervous system and upregulated following nerve injury (Koeberle
and Bähr, 2004; Giger, Hollis and Tuszynski, 2010a). Yet functional roles for these
molecules in the intact and injured adult nervous system are not well understood. In
regeneration, like in development, we can expect the roles of guidance cues and
receptors to be subject to context, varying between locations, injury types, and even
over time within the same regenerating nerve. Roles for developmental guidance
molecules in regeneration have been reviewed extensively in the context of the central
nervous system (CNS) (Koeberle and Bähr, 2004; Giger, Hollis and Tuszynski, 2010a).
Less is known, however, about roles for these molecules in PNS regeneration. Below I
highlight recently discovered roles for axon guidance molecules in peripheral nerve
regeneration, limiting my discussion to the canonically repulsive receptor-cue pair Robo
and Slit and the ECM components known to interact with them.
Robos are transmembrane receptors in the Immunoglobulin (Ig) superfamily of cell
adhesion molecules; they are characterized by five Ig domains, three fibronectin type III
domains and four variable but conserved cytoplasmic domains (Ypsilanti, Zagar and
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Chédotal, 2010). Robos bind to their canonical ligands, Slits, via 5 conserved amino
acids in their first immunoglobulin domain (Morlot et al., 2007). Slits are secreted
glycoproteins that contain four leucine rich repeats, seven to nine EGF-like repeats, a
laminin-G domain and C-terminal cysteine knot (Brose and Tessier-Lavigne, 2000). Slits
are cleaved into N- and C-terminal domains (Nguyen Ba-Charvet et al., 1999), and the
N-terminal domain binds to Robo via the second leucine rich repeat, often as a
homodimer (Seiradake et al., 2009). ECM glycoproteins known as heparan sulfate
proteoglycans (HSPGs) function as Slit-Robo co-receptors by stabilizing Slit
homodimerization and the Slit-Robo binding complex (Hu, 2001; Steigemann et al.,
2004). Slit-Robo binding triggers growth cone repulsion via cytoskeletal rearrangements
mediated by small GTPases including Cdc42, RhoA, and associated Slit-Robo Rho
GTPase activating proteins (srGAPs) (Wong et al., 2001; Guan et al., 2007).
Slit and Robo are both are broadly expressed in the adult vertebrate CNS and PNS
(Marillat et al., 2002; Carr, Parkinson and Dun, 2017; Sasaki, Komatsu and Yamamori,
2020), making them good candidates to mediate axon guidance in regeneration. Like in
development, the roles of Slits and Robos in regeneration are heavily context
dependent. One context for axon guidance that is unique to peripheral nerve
regeneration is found in a structure called the nerve bridge, which forms between the
proximal and distal stumps after a transection injury. Macrophages are the first to arrive
in the transection gap, followed by vascular-derived endothelial cells which begin
forming a bridge between the proximal and distal stumps. Schwann cells follow along
these endothelial cells, forming a permissive scaffold that is later followed by
regenerating axons (Cattin and Lloyd, 2016). After sciatic nerve transection in mice,
Robo1 and Slit3 are expressed by all of the cell types involved in bridge formation
including axons. Macrophages express high levels of Slit3 and form a layer on the
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exterior of the nerve bridge. These Slit3 expressing macrophages direct Robo1expressing endothelial cells and Schwann cells across the nerve bridge, preventing
them from exiting the nerve via the transection gap (Dun et al., 2019). This guidance
mechanism is peculiar to peripheral nerve regeneration, and yet reminiscent of Slit-Robo
functions in development. For example, during retinotectal development in zebrafish, Slit
expression in the ventral forebrain is arranged such that a Slit-free channel directs Roboexpressing retinoganglion cell axons along a path from the eye to the optic tectum. Thus,
in the context of the nerve bridge, developmental roles of Slit and Robo are repurposed
to promote successful nerve regeneration.
Direct genetic evidence for other functions of Slit and Robo in peripheral nerve
regeneration is lacking, although a small number of cell culture studies suggest potential
roles for this axon guidance receptor-cue pair in the adult and regenerating PNS. Adult
rat sensory neurons express Slit1 and Robo2, and in culture, Slit1 promotes neurite
outgrowth in adult sensory neurons in a Robo2-dependent manner (Zhang et al., 2010).
After sciatic nerve transection in rats, multiple microRNAs (miRs) are downregulated in
sensory neurons. One of these, miR-145, was found to downregulate Robo2 and
prevent neurite branching in cultured sensory neurons (Zhang et al., 2011). Finally,
Schwann cells in rat sciatic nerves express Robo1 and Robo2; in culture, sciatic-nerve
derived Schwann cells are repelled by Slit2 (Wang, Teng and Huang, 2013). Notably,
this study supported a role for Slit-Robo in Schwann cell migration in vivo, which has
since been confirmed to be important for nerve bridge formation after sciatic nerve
transection in mice (Dun et al., 2019). Future studies may also provide in vivo evidence
for roles of Slit-Robo in sensory neurite outgrowth and branching in peripheral nerve
regeneration.
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Changes in expression of Slit, Robo and srGAPs have been reported in multiple cell
types following peripheral nerve injuries. Slit1-3 mRNAs are all expressed by neurons
that supply the facial nerve in adult rats and differentially regulated after facial nerve
transection: Slit1 is upregulated, Slit2 is downregulated and Slit3 expression is
unchanged. This suggests that each of the three Slits play a different function in facial
nerve regeneration (Fujiwara et al., 2008). Facial nerve neurons also upregulate Robo2
after injury, suggesting Slit and Robo may signal via an autocrine/paracrine mechanism
during facial nerve regeneration (Ceber et al., 2015). Facial nerve transection also
causes a wave of upregulation of slit-Robo GAP2 (srGAP2) mRNA in facial nerve
neurons and surrounding glia during early regeneration (Madura et al., 2004). This
suggests that Slit-Robo signaling may function in multiple cell types during facial nerve
regeneration.
Adult sensory neurons of the sciatic nerve also express Robo2 and Slit1, both of
which are upregulated in in these neurons after sciatic nerve transection, but not after
injury to their central axons. This suggests that the role of Slit and Robo in sensory
axons may be specific to peripheral nerve injury (Yi et al., 2006). Sensory neurons
upregulate srGAP1 and srGAP3 after sciatic nerve transection, and srGAP3
upregulation occurred coincident with Robo2 upregulation. Similar to after facial nerve
transection, these GAPs are upregulated in a transient wave in the first 2 weeks after
injury (Chen et al., 2012a). The cells inside the sciatic nerve also respond to injury by
upregulating Slit and Robo family members. Interestingly, Slit2, Robo1 and Robo2 are
transient upregulated in the sciatic nerve after transection, but not after crush injury
(Tanno et al., 2005). This finding is consistent with the role of Slit-Robo signaling in
forming the nerve bridge (Dun et al., 2019). Finally, overexpression of Raf induces a
repair-like Schwann cell phenotype in co-cultures of Schwann cells and sensory
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neurons. These cultured repair-like Schwann cells upregulate Slit3 relative to normal
controls (Napoli et al., 2012), suggesting that Slit3 may play a role in repair Schwann cell
functions. For all of the expression studies described, the next step will be determining
functions for the Slits and Robos upregulated in each context using genetic mutants.
Thus, while remains unclear whether the repertoire of functions for Slit and Robo in
regeneration match their developmental functions in diversity, the above expression and
cell culture data support the idea that this is the case.
Similarly, interactions between Slit and Robo and the ECM during regeneration are
not well characterized. During nervous system development, Slit-Robo interacts with
HSPGs (Ypsilanti, Zagar and Chédotal, 2010) and Type IV collagen (Xiao et al., 2011).
After sciatic nerve injury, the HSPG glypican-1 is upregulated in Robo2-expressing
sensory neurons and accumulates in the proximal stump during axon regeneration,
suggesting that glypican-1 may function to stabilize Slit-Robo binding during sensory
axon regeneration (Bloechlinger, Karchewski and Woolf, 2004). We have previously
shown that the alpha-5 subunit of Type IV Collagen (col4a5) is required to guide
regenerating motor axons in zebrafish. After motor nerve transection, col4a5 is
upregulated by a subset of glia after nerve transection. Interestingly, the same glia
concurrently upregulate slit1a, suggesting that Slit-Robo signaling may play a role in
motor axon regeneration. It is unknown whether Slit-Robo is required to guide
regenerating motor axons in this context, and whether it functions in a pathway with
col4a5 remains an intriguing possibility. Such a pathway would provide direct evidence
that the functions of axon guidance cues are dynamically regulated by local ECM in
regeneration, as in development.
Thus, while a lot is known about how peripheral nerve injury affects the expression of
Slit-Robo and the intracellular and extracellular molecules that interact with them, there
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is very little direct genetic evidence for their functions in this context. In this thesis, I use
a larval zebrafish model of peripheral nerve regeneration to interrogate whether between
glial Type IV Collagen interacts with Slit-Robo to guide regenerating motor axons toward
appropriate targets.

Larval zebrafish model for axon guidance in regeneration
The larval zebrafish model of peripheral nerve regeneration employed in this thesis
combines the advantages of many of the experimental models used to test targetselective nerve regeneration discussed above, along with others that were unfathomable
even when Brushart began his work with PMR. Zebrafish spinal motor nerves are
composed of two major subtypes of motor axons that exit the spinal cord via a common
path before branching at a stereotyped choice-point to innervate functionally distinct
muscles. At the nerve branch choice-point, a subset of 15-20 axons branch off from the
main bundle and turn to innervate the dorsal musculature, while the remaining 40-50
axons continue toward the ventral musculature (Svara et al., 2018). Importantly, at the
larval stage, spinal motor nerves exhibit hallmarks of the mature nervous system: mature
glial cells including perineural glia (Kucenas et al., 2008) and Schwann cells are present
and the spinal motor are myelinated (Rosenberg et al., 2014).
The two populations of motor neurons that make up the spinal nerves (dorsal and
ventral) are genetically distinct, giving us the ability to label each population of axons
with different fluorescent transgenes. This advantage is compounded by the fact that
larval zebrafish are transparent and amenable to long-term immobilization in agarose,
dramatically simplifying in vivo imaging of regeneration. This live imaging capacity also
makes the system amenable to laser nerve transection, providing a high-throughput,
reproducible nerve injury without a need for surgery (Rosenberg et al., 2012). We can
therefore selectively transect one or both branches of the spinal motor nerve and then
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return to the same nerve in the same fish at later timepoints to monitor the branchselectivity of dorsal and ventral regenerated axons. Importantly, regenerating spinal
motor axons reliably choose the nerve branch that leads to their appropriate muscle
targets (Rosenberg et al., 2012; Isaacman-Beck et al., 2015), allowing an opportunity to
dissect the active mechanisms underlying that guidance. Finally, the genetic tools
available in zebrafish make possible gain and loss of function analyses that are simply
inaccessible in other systems (i.e. the rat femoral nerve PMR model). Together, these
advantages make this model for target-selective nerve regeneration the most powerful
currently available in a vertebrate.
We have previously shown that after transection of the dorsal nerve branch, axons
regrow to the nerve branch-point and pause, exploring both dorsal and ventral paths
(Isaacman-Beck et al., 2015). During this exploration, a small group of Schwann cells at
the nerve branch-point express the extracellular matrix (ECM) component col4a5 and
the repulsive axon guidance cue slit1a. We previously reported that col4a5 is required to
guide regenerating dorsal axons (Isaacman-Beck et al., 2015). However, the mechanism
underlying this guidance was unclear. Here we demonstrate that col4a5-expresing
Schwann cells at the nerve branch-point guide regenerating axons through the well
conserved axon guidance pathway, Slit-Robo. We show that the Slit-receptor
roundabout2 (robo2) and Slit-Robo co-receptor heparan sulfate (HS) are required to
guide regenerating dorsal, but not ventral, axons. Interestingly, we find that robo2 is
sufficient to promote dorsal, rather than ventral, branch selection by regenerating spinal
motor axons. Using time-lapse imaging, we demonstrate that robo2 acts at the nerve
branch-point during regeneration, and its primary function is to prevent axon extension
along non-dorsal paths. To our knowledge, this is the first demonstration that specialized
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Schwann cells at a nerve branch-point guide regenerating axons toward appropriate
targets.
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CHAPTER 2: Robo2 drives target selective peripheral nerve regeneration in
response to glia derived signals
Patricia L. Murphy, Jesse Isaacman-Beck, and Michael Granato
At the time of publication, this chapter was under review for publication by the Journal of
Neuroscience.

Summary
Peripheral nerves are divided into multiple branches leading to divergent synaptic
targets. This poses a remarkable challenge for regenerating axons as they select their
original

trajectory

at

nerve

branch-points.

Despite

implications

for

functional

regeneration, the molecular mechanisms underlying target selectivity are not well
characterized. Zebrafish motor nerves are composed of a ventral and a dorsal branch
that diverge at a choice point, and we have previously shown that regenerating axons
faithfully select their original branch and targets. Here we identify Robo2 as a key
regulator of target selective regeneration. We demonstrate that Robo2 function in
regenerating axons is required and sufficient to drive target selective regeneration, and
that Robo2 acts in response to glia located precisely where regenerating axons select
the branch-specific trajectory to prevent and correct axonal errors. Combined our results
reveal a glia derived mechanism that acts locally via axonal Robo2 to promote target
selective regeneration.
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Introduction
The peripheral nervous system (PNS) has retained a remarkable capacity for axonal
regeneration. Following injury, a well characterized injury response system transmits
injury signals to the cell body initiating coordinated changes in cellular morphology, gene
expression and chromatin remodeling (reviewed in Liu et al., 2011). Over the past
decades molecular pathways that dramatically increase the rate of regenerative axonal
regrowth have been identified (Zuo et al., 2002; Sabatier et al., 2008; Sun et al., 2011;
Geoffroy et al., 2015; Anderson et al., 2018; Tajdaran et al., 2019; Tedeschi et al.,
2019). Moreover, supplementing pro-regenerative factors to regenerating PNS axons
accelerates their regenerative growth rates, yet falls short of providing spatial information
to direct axons towards their original, preinjury targets (Arthur W English, 2005; Gordon
and English, 2016). While components of many developmental axon guidance pathways
are upregulated after nerve injury, their functional roles in directing regenerating axons
are largely unknown (reviewed in Giger, Hollis and Tuszynski, 2010). Thus, how
regenerating axons navigate an environment that differs drastically from an embryonic
environment, including how they their select their original trajectories when confronted
with nerve branch points is not well understood.
In vertebrates, individual peripheral nerves exiting from the spinal cord divide
repeatedly into a series of progressively smaller branches, each carrying axons that
innervate distinct synaptic targets (Cynthia Lance-Jones and Landmesser, 1981).
Depending on the type and location of a nerve injury, regenerating axons encounter a
series of branch-points as they extend toward their original targets. Thus, for
regenerating axons, repeatedly selecting their appropriate branch at each branch-point,
while a critical step to ensure functional regeneration, represents a formidable challenge.
There is considerable evidence that axons have retained some capacity to select their
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original nerve branch (Redett et al., 2005; Isaacman-Beck et al., 2015), supporting the
existence of dedicated molecular mechanisms to govern this process. Although branchspecific regeneration of peripheral axons was first demonstrated over 50 years ago
(Mark, 1965; Politis, 1985), the molecular mechanisms that underlie branch-selective,
and hence target-selective regeneration are largely unknown. Given the complexity of
the process it is maybe not surprising that the regenerative capacity to select the original
nerve branch is limited, causing regenerating axons to frequently select inappropriate
paths at nerve branch-points (Choi and Raisman, 2004; De Ruiter et al., 2014). For
example, motor axons that inappropriately regenerate into nerve branches innervating
either the skin or muscles antagonistic to their original target can significantly reduce the
level of functional regeneration (Kimura, Rodnitzky and Okawara, 1975; Brushart and
Mesulam, 1980).
We have previously established the optically transparent larval zebrafish as model
system to study the cellular and molecular mechanisms of target selective peripheral
nerve regeneration in vivo (Rosenberg et al., 2012). Zebrafish spinal motor nerves are
composed of functionally distinct axonal populations that share a common path before
diverging at a defined point into two major branches: a ventral nerve branch consisting of
~50 individual motor axons that innervate ventral muscle territories, and a dorsal nerve
branch consisting of ~20 motor axons that innervate dorsal muscle territories (van
Raamsdonk et al., 1983; Myers, Eisen and Westerfield, 1986; Westerfield, McMurray
and Eisen, 1986; Svara et al., 2018). Following nerve transection, regenerating spinal
motor axons reliably choose the nerve branch that leads to their original muscle targets
(Rosenberg et al., 2012; Isaacman-Beck et al., 2015), and live cell imaging revealed that
regenerating axons of the dorsal nerve branch pause at the nerve branch-point and
pause, exploring both the incorrect ventral and the original dorsal path before selecting
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their correct dorsal path. During this exploratory period, a small group of Schwann cells
at the nerve branch-point simultaneously upregulate the expression of the extracellular
matrix (ECM) component col4a5 and the repulsive axon guidance cue slit1a (IsaacmanBeck et al., 2015), which have been shown to bind each other with high affinity (Xiao et
al., 2011). Moreover, we previously demonstrated that col4a5 is required during
regeneration to guide regenerating dorsal axons (Isaacman-Beck et al., 2015), and
proposed a model by which Schwann cell-derived Col4a5 scaffolds Slit at the nerve
branch-point to prevent regenerating dorsal nerve branch axons from inappropriately
entering into and extending along inappropriate trajectories (Fig. 1A-D, Isaacman-Beck
et al., 2015).
To test this model, we first used genetic mutants of the Slit-Robo signaling pathway.
We find that the Slit-receptor roundabout2 (robo2) and the Slit-Robo co-receptor
heparan sulfate (HS) are dispensable for target selection regeneration of ventral nerve
axons, but are required to direct regenerating dorsal nerve axons at the branch choicepoint. Moreover, we find that robo2 is expressed in dorsal nerve neurons, that forcing
robo2 expression in ventral nerve neurons is sufficient to redirect their regenerating
axons into the dorsal nerve branch, and that this process requires Col4a5. Finally, using
live cell imaging, we demonstrate that during regeneration robo2 exerts its function at
the nerve branch-point, preventing and correcting aberrant axonal extension of dorsal
nerve axons, thereby promoting growth towards their original, dorsal targets. Combined
our results reveal a previously unappreciated role for Slit-Robo signaling in axonal error
prevention and correction, critical to ensure fidelity of branch selection and hence target
selective regeneration.
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Results and Figures
Col4a5 upregulation at the nerve branch-point is critical to guide regenerating
dorsal axons.
We previously demonstrated that the glycosyltransferase lysyl-hydrosylase-3 (lh3)
and its substrate collagen-4-alpha-5 (col4a5) are required to direct regenerating dorsal
nerve axons towards their original targets (Isaacman-Beck et al., 2015). Lh3 is
constitutively expressed at low levels and acts in Schwann cells to promote target
selective regeneration, while col4a5 expression is transiently upregulated 8-15 hours
post transection (hpt) in a small subset of Schwann cells near the nerve branch-point
(Fig. 1C, Isaacman-Beck et al. 2015), suggesting that col4a5 expression restricted to the
nerve branch-point might be instructive in directing regenerating axons. To test this idea,
we generated a transgenic line, Tg(sox10:col4a5-Myc), in which col4a5 is now
expressed in all Schwann cells, prior to and following peripheral nerve transection
(Isaacman-Beck et al., 2015). Prior to nerve transection, dorsal nerves in wildtype
siblings appear indistinguishable from those in transgenic animals expressing col4a5 in
all Schwann cells (compare Fig. 1 E to H). Specifically, we quantified targeting of
Tg(isl1:GFP)+ dorsal nerve axons prior to nerve transection in 5 day old animals. Dorsal
nerve axons tightly fasciculate with one another, precluding us from quantifying
individual axons contained in Tg(isl1:GFP)+ dorsal nerves. We therefore quantified the
number of discernable Tg(isl1:GFP)+ fascicles and determined the fraction of fascicles
within the dorsal muscle target area, which we previously defined as spanning 30deg
prior to transection (dorsal ROI in Fig. 1D, Isaacman-Beck et al., 2015)). When we
compared these fractions across genotypes, we found no significant difference in dorsal
fascicles between Tg(sox10:col4a5-Myc) animals and wildtype siblings (Table S1),
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Figure 1. Spatiotemporal restriction of col4a5 to the nerve branch-point is required for
target-selective axon regeneration. Top: In 5 dpf larval zebrafish (schematized in A), dorsal
(green) and ventral (magenta) motor nerves exit the spinal cord in each body hemisegment via
the ventral motor exit point (MEP) and diverge at a stereotyped branch-point to innervate the
dorsal and ventral muscles, respectively. (B) Magnified schematic of single motor nerve in
dashed box in (A) pre-transection, showing dorsal (green) spinal motor nerve and associated
Schwann cells (orange). Purple box, transection site. Legend continued p. 41 bottom.
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suggesting that in Tg(sox10:col4a5-Myc) animals, dorsal nerve targeting during
development is unaffected.
To determine whether spatially restricted expression of col4a5 is critical for target
selective

regeneration,

we

laser

transected

dorsal

nerves

in

wildtype

and

Tg(sox10:col4a5-Myc) larvae and compared target selective regeneration at 48 hpt,
when wildtype motor axons have re-established functional connections with their muscle
targets (Rosenberg et al., 2012). In wild type animals, 70% of fascicles containing dorsal
nerve axons regenerated to their original dorsal target area (Fig. 1F, G; Supplementary
Fig. 1A; 96 fascicles, 37 nerves, 11 larvae), consistent with previous findings that
regenerating axons readily select their original branch and targets (Isaacman-Beck et al.,
2015). In contrast, transgenic expression of col4a5 in all Schwann cells reduced target
selective regeneration significantly. In Tg(sox10:col4a5-myc)-expressing larvae, only
46% of the fascicles containing dorsal nerve axons selected their original dorsal
trajectory (133 fascicles, 40 nerves, 11 larvae), concomitant with an 1.8 fold increase
from 30% to 54% fascicles selecting incorrect ventral and lateral trajectories (Fig. 1I-J;
Supplementary Fig. 1A; Table S2; p = 0.0002, Fischer’s exact test).
Figure 1 legend continued from p. 40. (C) At 8-15 hours post transection (hpt), growth cones
enter the transection gap, and a small subset of Schwann cells at the nerve branch-point
upregulate col4a5 and slit1a (blue with red stripes). (D) By 48hpt, the majority of dorsal axons
regenerate into the dorsal ROI, defined as 20-50o with respect to spinal cord. Bottom:
Representative images of Tg(isl1:GFP)+ dorsal nerves at 5dpf and 48hpt, respectively in wildtype
siblings (E, F) and Tg(sox10:col4a5-myc) larvae (H, I).Yellow boxes, transection sites; green
arrowheads, dorsal regrowth; magenta arrowheads, “errors” that regrew along non-dorsal paths.
Scale bars, 10um. Sholl diagrams showing overlay of all Tg(isl1:GFP) fascicle trajectories at 48
hpt in wildtype siblings (G, n = 96 fascicles) and Tg(sox10:col4a5-myc) larvae (J, n = 133
fascicles). For wildtype siblings, fascicles were counted for n = 37 nerves in 11 larvae; for
Tg(sox10:col4a5-myc) larvae, fascicles were counted for n = 40 nerves in 11 larvae. Green lines
represent fascicles inside dorsal ROI; magenta lines represent fascicles outside of the dorsal
ROI. Proportion of fascicles inside the dorsal ROI at 48 hpt was compared between
Tg(sox10:col4a5-myc) larvae and wildtype siblings using one-tailed Fischer’s exact test, (p =
0.0002). (K) Graph of regeneration error rate for wildtype siblings (No Tg) and Tg(sox10:col4a5myc) larvae (Tg+) compared using one-tailed t-test (p = 0.0001). Each dot represents error rate for
one nerve; plus sign marks the mean; *** denotes p < 0.001.

41

We next examined the regeneration error rate for individual nerves at 48 hpt and
found that, when compared to wildtype siblings, nerves in Tg(sox10:col4a5-myc)expressing larvae displayed errors at a significantly higher rate (Fig. 1K; p = 0.0001,
one-tailed t-test). Thus, expanding col4a5 expression from a small subset of Schwann
cells strategically positioned at the nerve branch region to all Schwann cells impairs
target selective regeneration. Moreover, the resulting phenotype closely mirrors the
phenotype in mutants lacking col4a5 (Isaacman-Beck et al., 2015). These results
support the idea that col4a5’s transient expression in a subset of Schwann cells at the
nerve branch point where regenerating axons of the dorsal branch select their branch
specific trajectory is of functional importance.
Slit-Robo signaling is required for target selective regeneration
The same small group of Schwann cells that upregulates col4a5 post injury
concurrently upregulates slit1a expression (Isaacman-Beck et al., 2015). suggesting that
similar to col4a5, slit1a might play a functional role in target selective regeneration.
Slit1a encodes a canonical ligand for the Roundabout (Robo) family of repulsive axon
guidance receptors (Blockus and Chédotal, 2016), and is the only one of the four Slit
ligands whose injury induced expression mirrors that of col4a5 (Isaacman-Beck et al.,
2015). Moreover, in the developing zebrafish visual system, Col4a5 directly binds to and
is required for basement membrane anchoring of Slit, which guides laminar targeting of
retinal ganglion cell axons through robo2 (Xiao et al., 2011). We therefore wondered
whether robo2 is involved in guiding regenerating dorsal axons. Using whole mount
fluorescent in situ hybridization (ISH), we detected robo2 mRNA expression in
Tg(isl1:GFP)+ motor neurons of the dorsal nerve prior to transection and also during
regeneration (Supplementary Fig. 2).
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We next asked whether Slit-Robo signaling plays a functional role in target selective
regeneration. For this we examined dorsal nerve regeneration in genetic mutants for two
Slit-Robo signaling components: mutants for exotosin-like-3 (extl3), which lack Heparan
sulfate (HS) (Lee et al., 2004), a glycosaminoglycan critical to stabilize Slit-Robo binding
(Hussain et al., 2006), and mutants for the Robo-receptor roundabout2 (robo2). We first
examined dorsal nerve regeneration in extl3 mutants, which at 5 dpf lack detectable
levels of HS (Lee et al., 2004). Prior to nerve transection, targeting of dorsal nerve axons
in 5 dpf extl3 mutants was indistinguishable from their siblings (compare Fig. 2A to D;
quantified in Table S1). In wildtype siblings, 68% of regenerating dorsal nerve fascicles
returned to their original, dorsal targets (Fig. 2B-C; Supplementary Fig. 3A), while 32%
selected ventral and ventro-lateral trajectories (38 nerves from 19 larvae). In contrast, in
extl3 mutants we observed a 1.6 fold increase (from 32% to 52%) of dorsal nerve
fascicles failing to select their dorsal trajectory, instead extending along erroneous
ventral or ventro-lateral trajectories (23 nerves from 7 larvae) (Fig. 2E-F; Supplementary
Fig. 3A; Table S2, p = 0.0105, Fischer’s exact test). Similarly, when compared to
wildtype siblings, individual nerves in extl3 mutants formed errors at a significantly higher
rate at 48 hpt (Fig. 2G; p = 0.003, one-tailed t-test).
We next examined the role of Robo2 in dorsal nerve regeneration. Prior to
transection, dorsal nerve targeting in robo2 mutant animals was slightly lower than what
we observed in robo2 wildtype siblings (compare Fig. 2H to K; quantified in Table S1),
yet still within the range we have previously observed in wild type animals (IsaacmanBeck et al., 2015). Following nerve transection in wild type siblings, 34% of dorsal nerve
fascicles failed to select their original trajectory, while the vast majority returned to their
original target area (66%; Fig. 2I-J; Supplementary Fig. 3B).
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Figure 2. Slit-Robo signaling is required to guide regenerating dorsal nerve branch axons.
Representative images of dorsal nerves in extl3 wildtype siblings at 5 dpf and 48 hpt, respectively
in extl3 wildtype siblings (A, B), extl3-/- (D, E), robo2 wildtype siblings (H, I), robo2-/- (K, L). Yellow
boxes, transection sites; green arrowheads, dorsal regrowth; magenta arrowheads, “errors” that
regrew along ventral and ventro-lateral paths. Scale bars, 10um. Sholl diagrams showing overlay
of all Tg(isl1:GFP) fascicle trajectories at 48 hpt in extl3 wildtype siblings (C, n = 98 fascicles),
extl3-/- (F, n = 58 fascicles), robo2 wildtype siblings (J, n = 108 fascicles), robo2-/- (M, n = 97
fascicles). Green lines represent fascicles inside dorsal ROI; magenta lines represent fascicles
outside of the dorsal ROI. For extl3 wildtype siblings, fascicles were counted in n = 38 nerves in
19 larvae; for extl3-/- larvae, fascicles were counted in n = 23 nerves in 7 larvae; for robo2
wildtype siblings, fascicles were counted in n = 33 nerves in 16 larvae; for robo2-/- larvae,
fascicles were counted in n = 26 nerves in 9 larvae. Figure legend continued on p. 45, bottom.
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In contrast, in robo2 mutants only 50% of regenerating dorsal nerve fascicles returned to
their original target area, an almost 1.5 fold increase of Tg(isl1:GFP)+ fascicles now
extending along aberrant ventral or ventro-lateral trajectories (Fig. 2L-M; Supplementary
Fig. 3B; Table S2, p = 0.0134, Fischer’s exact test). Similarly, when compared to nerves
in wildtype siblings at 48 hpt, individual nerves in robo2 mutants exhibited significantly
higher error rates (Fig. 2N; p = 0.0116, one-tailed t-test). Together these results
demonstrate that Slit-Robo signaling plays a functional role in directing regenerating
dorsal nerve axons along their original, pre-injury trajectories. Finally, to determine
whether extl3 and robo2 play a selective role in promoting target selection of dorsal,
rather than ventral nerve axons, we transected ventral nerves in extl3 and robo2
mutants. At 48hpt, ventral nerves in extl3 and robo2 mutants are indistinguishable from
their siblings (Supplementary Fig. 4), demonstrating that Slit-Robo signaling is
selectively required for dorsal nerve target selective regeneration.
Robo2 promotes target selective regeneration at the nerve branch-point by
preventing and correcting errors
To further understand the cellular mechanisms by which robo2 promotes target selective
regeneration, we examined the dynamics of regenerating axons navigating the nerve
branch-point in robo2 mutants. We have previously shown that after dorsal nerve
transection in wildtype larvae, regenerating axons pause at the nerve branch-point and
extend growth cones towards their original dorsal targets, as well as along erroneous
ventral and lateral trajectories. Over the next few hours erroneous projections are
Figure 2 legend continued from p. 44. Proportion of fascicles inside the dorsal ROI at 48 hpt
was compared using one-tailed Fischer’s exact test between extl3 wildtype siblings and extl3-/larvae (p = 0.0105) and robo2 wildtype siblings and robo2-/- larvae (p = 0.0134). (G) Graph of
regeneration error rate for extl3 wildtype siblings and extl3-/- larvae compared using one-tailed ttest (p = 0.003). (N) Graph of regeneration error rate for robo2 wildtype siblings and robo2-/larvae compared using one-tailed t-test (p = 0.0116). Each dot represents error rate for one
nerve. * denotes p < 0.05.
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destabilized, while growth cones along the dorsal path stabilize and continue to extend
towards their original targets (Isaacman-Beck et al., 2015). To determine whether robo2
directs regenerating dorsal nerve axons early in the process by minimizing the formation
of erroneous projections, or subsequently by destabilizing already extending erroneous
projections, we performed time-lapse imaging between 8 and 20 hpt as regenerating
robo2 mutant dorsal nerve axons navigate the branch choice-point (Figure 3, Movies S1
and S2). From these movies, we quantified the number of erroneous projections (errors),
defined as Tg(isl1:GFP)+ growth ≥1µm that extended from the nerve branch-point along
erroneous ventral or lateral trajectories (see Methods for more details). When compared
to wild type siblings, robo2 mutants exhibit no significant difference in the number of
errors that form at the branch-point (Supplemental Fig. 5). To determine whether there
was a deficit in error correction at the branch-point in robo2 mutants, we counted the
number of errors (magenta arrowheads, Fig. 3, Movies S1 and S2) that were corrected.
Errors were counted as “corrected” if they retracted within <1µm away from the nerve
branch-point. When compared to siblings, robo2 mutants displayed a significant
decrease in the percent of errors that were corrected during early regeneration (Figure
3I).
Based upon the well characterized role of Slit-Robo in axon repulsion (Blockus and
Chédotal, 2016), we considered whether in robo2 mutants the deficit in error correction
at the nerve branch-point might be due to reduced error retraction. To test this, we
measured in wildtype siblings and robo2 mutants the percent of time that errors spent
retracting, extending or being stable (no movement). We failed to detect any significant
difference in relative time that errors spent retracting in robo2 mutants compared to wild
type siblings (Fig. 3J). Similarly, we did not observe any differences in the average
speed of extension or retraction in robo2 mutants when compared to siblings
46

Figure 3. robo2 prevents error extension at the nerve branch-point during regeneration.
Representative images of Tg(isl1:GFP) nerves in robo2+/- (wildtype sibling) (A) and robo2-/- (E) at
5dpf and during regeneration (B-D, F-H). Dashed yellow box, transection site; dashed white box,
area enlarged 2x in B-D and F-H; green arrowheads mark dorsal regrowth; magenta arrowheads
mark errors. Time post transection is denoted by white text in lower right of B-D and F-H. Errors
are counted in magenta text in lower right of B-D and F-H as a fraction of [errors formed/errors
corrected]. Scale bars, 10um. (I) Percent of errors corrected 8-20 hpt in wildtype siblings
(robo2+/+;+/-, n = 9 nerves) and robo2-/- larvae (n = 10 nerves). Errors were counted as “corrected”
when their length measured from the nerve branch-point was <1um. Each dot represents one
nerve. Ranks were compared between genotypes using two-tailed Mann Whitney test (p =
0.0208). (J) Quantification of regenerating axon dynamics in wildtype siblings and robo2-/- larvae
8-20 hpt plotted by total time spent extending, retracting, and stable (no movement). Each dot
represents one error (for siblings, n = 23 errors; for robo2-/-, n = 34 errors). Error movements were
examined in 10 min intervals and classified as extensions when there was a ≥1um increase in
error length measured from the motor exit point (MEP); movements were classified as retractions
when ≥1um decrease in error length measured from the MEP; errors were classified as stable
when no movement ≥1um occurred. Line, mean; error bars, 95% confidence intervals. Means
were compared between genotypes using two-tailed t-tests (extending, p = 0.0365; retracting p =
0.9131; stable, p = 0.2491). (K) Maximum length of errors in wildtype siblings and robo2-/- larvae
in ums measured from the motor exit point (MEP). Each dot represents one error. Plus sign
marks the mean. Means were compared between genotypes using two-tailed t-test (p = 0.0012).
** denotes p < 0.01; * denotes p < 0.05; n.s. denotes “not significant.”
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(Supplemental Fig. 5B). Instead, compared to wildtype siblings, erroneous projections
(errors) in robo2 mutants spent significantly more time extending (Fig. 3J). This is the
result of a combined reduction in the time that errors spent retracting and stable in robo2
mutants, neither of which is statistically significant on its own (Fig. 3J). These results
suggest that rather than promoting axonal retraction along incorrect trajectories, robo2
promotes dorsal nerve target selection by preventing axon extension along erroneous
ventral and lateral trajectories. Consistent with this idea, when compared to wild type
siblings, erroneous projections in robo2 mutants grew longer distances (Fig. 3K).
Combined with previous results this provides strong support for a model in which robo2
expression on regenerating dorsal nerve axons prevents and corrects errors at the nerve
branch-point in response to Slit1a transiently produced by a small subset of adjacent
Schwann cells and spatially scaffolded by Col4a5. By preventing error extensions, robo2
tilts the balance between extension and retraction such that errors retract more often
than they extend. This results in shorter errors that are readily corrected through robo2independent mechanisms of retraction, ultimately biasing regenerating dorsal nerve
axons towards their original dorsal trajectory.
Robo2 expression drives target selective regeneration
We next asked how Slit-Robo signaling selectively influences regeneration of dorsal
but not ventral nerve axons. One possibility is that robo2 functions selectively in dorsal
nerve axons, enabling regenerating axons of only the dorsal but not the ventral branch to
mount a slit1a-dependent error response at the nerve branch-point. We hypothesized
that if this were the case, forcing robo2 expression in regenerating ventral nerve axons
would redirect them onto a dorsal trajectory. To test if robo2 expression is indeed
sufficient to drive target selective regeneration, we used the motor neuron-specific mnx1
promotor (Flanagan-Steet et al., 2005) to transiently express mKate alone or mKate with
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robo2 in small subsets of motor neurons (for more details see Methods). Importantly,
when compared to mKate expression, robo2-mKate expression in motor neurons did not
impair their ability to grow an axon nor did it change their developmental bias in selecting
a ventral or dorsal trajectory (Supplementary Fig. 6). This is consistent with the absence
of a developmental motor axon phenotype in robo2 mutants (Table S1), further
confirming that robo2 acts selectivity during the regeneration process. To determine
whether robo2 is sufficient to promote dorsal branch selection in regenerating axons, we
screened for spinal motor nerves with small subsets of mKate+ axons along the ventral,
but not the dorsal branch (Fig. 4A and 4C). We laser transected these ventral nerves
and assessed the regeneration of mKate+ fascicles at 48 hpt. We found that
regenerating mKate+ ventral nerve axons always selected a ventral path towards their
original targets (Fig. 4B; Table S3, n = 13/13 nerves), consistent with previous results
(Rosenberg et al., 2012). In contrast, forcing robo2-mKate expression in regenerating
ventral nerve axons was sufficient to redirect them onto a dorsal trajectory (Fig. 4C-D;
Table S3, n = 7/15 nerves, Fischer’s exact test p=0.0069). Importantly, the trajectories
taken by these axons were indistinguishable from those taken endogenously by dorsal
nerve axons (compare to Fig. 2B, I). Thus, robo2 is both required and sufficient to drive
target selective regeneration.
Robo2 requires col4a5 function for target selective regeneration
In robo2 and col4a5 mutants, ventral branch axons reliably regenerate along their
appropriate ventral path (Supplemental Fig. 4, Isaacman-Beck et al., 2015), while dorsal
branch axons frequently fail to select their original dorsal trajectory and instead extend
along erroneous, ventral and lateral trajectories. Because of the similarities of their
mutant phenotypes, we next asked whether robo2 and col4a5 act through two distinct
pathways or whether they are both part of one common pathway. We reasoned that if
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Figure 4. robo2 is sufficient to promote dorsal branch-selection by regenerating axons.
Representative images of Tg(hb9:GFP) (green) nerves with small numbers of fascicles
expressing transient Tg(mnx1:mKate, mnx1:mKate) (A-B) or Tg(mnx1:mKate, mnx1:robo2) (C-D)
(magenta) in small subsets of ventrally projecting motor axons. Merged GFP and mKate images
shown at 5dpf (A, C) and 48hpt (B, D). mKate channel is shown alone at 5dpf (A’, C’) and 48hpt
(B’, D’). In larvae expressing Tg(mnx1:mKate, mnx1:mKate), n = 13/13 nerves had only ventral
regrowth of mKate+ fascicles, like in the example shown. In larvae expressing Tg(mnx1:mKate,
mnx1:robo2), n = 7/15 nerves had dorsal regrowth of mKate+ fascicles, like in the example
shown. Proportions of dorsal regrowth were compared between conditions using one-tailed
Fischer’s exact test (p = 0.0054). Images were processed as described in Materials and Methods.
Dashed yellow boxes, transection site. Scale bars, 10um.

the latter was the case, then redirecting ventral nerve axons towards dorsal
trajectories via forced robo2 expression should depend on col4a5 function. To test this
hypothesis, we repeated the robo2 mis-expression experiment driving sparse expression
of either mKate or robo2-mKate in small subsets of regenerating ventral nerve axons,
but now in a col4a5 mutant background. Prior to nerve transection at 5 dpf, there was no
difference between the branch-selection of sparsely labeled wildtype and robo2expressing axons in col4a5 siblings or mutants (Supplementary Fig. 7). This is
consistent with our previous findings that col4a5 is dispensable for spinal motor nerve
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Figure 5. col4a5 is required for the role of robo2 in branch-selective axon regeneration.
Representative images of Tg(hb9:GFP) (green) nerves in col4a5-/- larvae with fascicles
expressing transient Tg(mnx1:mKate, mnx1:mKate) (A-B) or Tg(mnx1:mKate, mnx1:robo2) (C-D)
(magenta) in small subsets of ventrally projecting motor axons. Merged GFP and mKate images
shown at 5dpf (A, C) and 48hpt (B, D). mKate channel is shown alone at 5dpf (A’, C’) and 48hpt
(B’, D’). In larvae expressing Tg(mnx1:mKate, mnx1:mKate), n = 8/8 nerves had only ventral
regrowth of mKate+ fascicles, like in the example shown. In larvae expressing Tg(mnx1:mKate,
mnx1:robo2), n = 9/9 nerves had only ventral regrowth of mKate+ fascicles, like in the example
shown. Proportions of ventral regrowth were compared between conditions using one-tailed
Fischer’s exact test (p = 0.999). Images were processed as described in Materials and Methods.
Dashed yellow boxes, transection site. Scale bars, 10um.

development (Isaacman-Beck et al., 2015). Like before, we selected spinal motor nerves
with small subsets of mKate+ axons along the ventral, but not the dorsal nerve branch,
laser transected these ventral nerves and at 48 hpt assessed the regeneration of mKate+
axons. In col4a5 siblings and mutants, regenerating ventral nerve axons expressing
mKate faithfully selected their original, ventral trajectory (Fig. 5A-B; Supplementary Fig.
8A-B; Table S3, col4a5 siblings: n = 12/12; col4a5 mutants n = 8/8). In col4a5 siblings,
robo2-mKate expression was sufficient to redirect regenerating ventral nerve axons onto
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Figure 6. Model for role of col4a5-robo2 pathway in target-selective axon regeneration.
During regeneration, (A) a subset of specialized Schwann cells at the nerve branch-point express
col4a5 (blue with red stripes), which scaffolds the repulsive axon guidance cue Slit (red gradient)
in the local ECM. (B) In response to Slit at the nerve branch-point, regenerating wildtype axons
expressing the Slit-receptor robo2 extend for short distances along ventral and ventro-lateral
paths, as they navigate the nerve branch choice-point. These short erroneous extensions (green
arrows) are balanced by retraction events (red arrows), which results in their eventual retraction
and correction. (C) in robo2-/- larvae, regenerating axons are not responsive to Slit at the nerve
branch-point and thus extend more frequently along ventral and ventro-lateral paths. These
frequent erroneous extensions (large green arrows) are not balanced by retraction events (red
arrows), which occur with similar frequency as retractions in wildtype siblings. Thus, in robo2-/larvae, branch-point errors extend for longer distances and are less likely to be corrected.

a dorsal trajectory (Supplementary Fig. 8C-D; Table S3, n = 5/14 nerves, Fischer’s exact
test p=0.0425). In contrast, in col4a5 mutants, robo2-mKate expression failed to redirect
ventral nerve axons onto a dorsal trajectory (Fig. 5C-D; Table S3, n = 0/9),
demonstrating that col4a5 function is required for robo2 to redirect ventral nerve axons
dorsally. This provides compelling evidence that col4a5 and Slit-Robo act in a common
genetic pathway that promotes dorsal branch selection of regenerating axons.
Combined, our results support a model in which a small subset of Schwann cells
strategically located at the branch choice point upregulate the expression of col4a5 and
Slit1a in response to nerve injury. As regenerating axons approach the branch choice
point, Robo2 function selectively in dorsal nerve axons prevents and correct erroneous
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projections along ventral and lateral trajectories, thereby biasing axonal regrowth
towards their original, dorsal trajectory (Fig. 6).

Discussion
In response to peripheral nerve injury, regenerating axons face the challenge of
navigating toward and reconnecting with their original synaptic targets. The difficulty of
this task increases with the architectural complexity of the injured nerve. After exiting the
spinal cord, peripheral nerves repeatedly divide into progressively smaller branches,
frequently leading to different targets (Cynthia Lance-Jones and Landmesser, 1981).
Regenerating axons may therefore encounter multiple nerve branch-points where they
confront the choice to select their appropriate, preinjury trajectory. This task is further
compounded by an environment that is dramatically different from the one they
successfully navigated during development. Despite this enormous navigational
challenge, regenerating axons are able to preferentially select their original nerve branch
(Politis, 1985; Brushart, 1993; Isaacman-Beck et al., 2015), and to regrow toward
appropriate targets (Sperry and Arora, 1965; Lundborg et al., 1986b; Krarup, Archibald
and Madison, 2002; Nguyen, Sanes and Lichtman, 2002). Combined, previous studies
strongly support the notion that regenerating axons are guided at nerve branch-points by
dedicated molecular mechanisms, yet few such mechanisms have been described. Here
we identify a molecular pathway critical for communication between glia cells located at
a nerve branch-point and regenerating axons to direct axons of one nerve branch onto
their preinjury trajectory. Specifically, our results provide compelling evidence for
transient, spatially restricted, and tightly coordinated signaling events between
col4a5/slit1a-expressing Schwann cells and robo2-expressing regenerating axons at the
nerve branch-point critical to promote target selective regeneration.
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Robo2 selectively destabilizes erroneous axonal extension at the nerve branchpoint
Live cell imaging experiments provide compelling evidence for a Robo2-dependent
mechanism that directs regenerating axons into the appropriate nerve branch as they
encounter the branch choice-point. As they encounter the nerve branch-point,
regenerating dorsal nerve axons in both wildtype and robo2 mutants initiate growth
(~1µm) along erroneous ventral or ventro-lateral trajectories with similar frequencies
(Supplementary Fig. 3A). In contrast to wildtype, robo2 mutant axons along these
erroneous trajectories are significantly more likely to extend (Fig. 3J), ultimately growing
for distances 1.5 to 3 times longer than those in the wildtype (Fig. 3K). Rather than
preventing initial error formation per se, robo2 destabilizes erroneous axons (> ~1µm),
thereby preventing their further growth (Fig. 3K). Thus, while robo2 destabilizes
erroneous axonal growth, it promotes rather than inhibits regeneration. This is markedly
different from the role that canonically repulsive axon guidance systems, including SlitRobo, often play in inhibiting axon extension after injury, resulting in poor or stalled
regeneration (Hagino et al., 2003; Giger, Hollis and Tuszynski, 2010b). For example, in
C. elegans, Slit (slt-1) and Robo (sax-3) inhibit the extension of the mechanosensory
PLM axon after transection, ultimately leading to reduced regeneration (Chen et al.,
2011). Rather than negatively impacting axon regeneration, we find that growth rates of
regenerating axon outgrowth in robo2 mutants are identical to those in wild type animals
(Supplementary Fig. 3B). This provides strong evidence that during zebrafish peripheral
nerve regeneration, robo2-independent mechanisms promote axon outgrowth, while
robo2’s role is to selectively bias regenerative growth of dorsal nerve axons toward their
original trajectory.
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How similar is this robo2-dependent mechanism to other, well documented
mechanisms known to promote target selective regeneration in mammals? It is well
documented that in mammals motor axons preferentially regenerate into their original
nerve branches (Mark, 1965; Politis, 1985; Redett et al., 2005), and that this process is
regulated by Schwann cells and by nerve end organs such as muscle and skin
(Madison, Sofroniew and Robinson, 2009; Abdullah et al., 2013). For example, after
injury, Schwann cells in the distal stump upregulate branch-specific neurotrophic factors
and cell adhesion molecules (Ahmet Höke et al., 2006; Jesuraj et al., 2012; Brushart et
al., 2013; Wood and Mackinnon, 2015). These molecules support the outgrowth and
maintenance of appropriate axonal populations (Martini, Schachner and Brushart, 1994;
Franz, Rutishauser and Rafuse, 2005) such that when axons regenerate into
inappropriate nerve branches, the resulting errors are pruned away over weeks or
months (Brushart, 1993; Ghalib et al., 2001). Thus, in contrast to well documented
pruning mechanisms occurring long after axons have regenerated towards incorrect
targets, the robo2-dependent mechanism we describe here is engaged during the time
period when regenerating axons are confronted at a choice point with the task to select
their original trajectory, thereby promoting target selective regeneration locally and on a
much shorter timescale.
A Co4a5/glia Robo2/axon dependent mechanism provides local guidance to
promote target selective regeneration
In response to peripheral nerve injury, Schwann cells distal to the injury site
dedifferentiate through a well characterized molecular pathway.(Jessen and Mirsky,
2016, 2019) These dedifferentiated Schwann cells exhibit differences in gene expression
(Ahmet Höke et al., 2006; Jesuraj et al., 2012; Brushart et al., 2013), yet the functional
significance of these gene expression differences, including their functional roles in
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branch selection and thus target selective regeneration have remained largely unknown.
We previously reported that in response to peripheral nerve injury in zebrafish, a small,
selective group of Schwann cells (~1-3) strategically located at where dorsal nerve
branch deviates from the ventral nerve branch, upregulate both col4a5 and its binding
partner, the repulsive guidance cue slit1a (Xiao et al., 2011; Isaacman-Beck et al.,
2015). While we had shown that col4a5 is critical for target selective regeneration,
whether the post injury expression of col4a5 spatially restricted to just a few Schwann
cells was important for target selectivity was unclear. Similarly, whether Slit1a played a
functional role in this process and whether Slit1a and col4a5 expression were
functionally related had not been defined.
Our results demonstrate that expanding the expression of col4a5 to all Schwann
cells severely impacts target selective regeneration (Fig. 1). Importantly, rather than
extending along random trajectories, regenerating dorsal nerve axons now extended
along erroneous ventral and ventro-lateral trajectory similar to those we observe in
mutants lacking col4a5, robo2 and extl3, respectively (Fig. 2, Isaacman-Beck et al.,
2015). Moreover, in animals expressing col4a5 in all Schwann cells, regenerating dorsal
nerve axons made errors precisely where they pause and explore the nerve branchpoint before turning dorsally during regeneration (Fig. 3). Combined, this provides
compelling evidence that rather than providing a permissive substrate and environment,
spatially restricted col4a5 expression is critical to instruct regenerating dorsal nerve
axons at the nerve branch-point.
Previous work in rodents and zebrafish has identified various collagens including
Collagen XV (Guillon, Bretaud and Ruggiero, 2016), Collagen XIX (Hilario, Wang and
Beattie, 2010; Wakabayashi, 2021) as well as other extracellular matrix components and
modifications to play attractive and repulsive roles in axonal development and
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regeneration (reviewed in Chelyshev, Kabdesh and Mukhamedshina, 2020). Our results
highlight a pivotal yet less appreciate role for collagens, not only as an ECM component
critical for axonal regeneration but also as part of an instructive signaling pathway to
direct regenerating axons in vivo. In fact, our data provide compelling evidence that
precise spatial localization of col4a5 is critical for its role in peripheral nerve regeneration
and suggest a potentially more specialized role for Collagen conduits in clinical
applications to direct regenerating peripheral nerve axons towards their original synaptic
targets.
Our results also reveal a previously uncharacterized role for role Slit-Robo signaling
in target selective regeneration. Loss of function mutations in two Slit-Robo signaling
components, extl3 and robo2, result in the same target selective regeneration defects
(Fig. 2). Conversely, we find that transgenic expression of robo2 in ventral nerve axons,
which are unaffected by the loss of Slit-Robo signaling, is sufficient to redirect these
axons onto a dorsal nerve branch specific route (Fig. 4), and that this process requires
Col4a5 function (Fig. 5). Given the incomplete penetrance of the robo2 mutant
phenotype in target selective regeneration, we cannot exclude the possibility that one or
multiple of the additional three zebrafish Robo receptors (Lee, Ray and Chien, 2001;
Bedell et al., 2005), play a role in this process and hence partially compensate for the
loss of robo2. Future experiments, including generating single and double mutant
combinations for the other three Robo receptors as well for each of the four known Slit
ligands (Hutson et al., 2003) will provide a comprehensive view on role of Slit-Robo
signaling during target selective regeneration and inform the contribution of individual
Robo receptors in this process.
Nonetheless, our results provide strong support for a mechanism in which glialderived col4a5 expression restricted to the branch-point promotes dorsal turning of
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regenerating axons possibly via Col4a5-bound Slit1a. Moreover, the transient
expression of col4a5 and slit1a, which only lasts a few hours and coincides with the time
period when regenerating axons navigate the branch choice point is remarkable,
underscoring the high degree and functional importance of spatially and temporally
coordinated signaling between regenerating axons and Schwann cells to achieve target
selective regeneration. While our results identify a previously uncharacterized molecular
mechanism to promote peripheral nerve regeneration, they also draw attention to the
need to incorporate spatially and temporally restricted deliveries of guidance information
in therapeutic strategies aimed at enhancing target selective regeneration.

Materials and Methods
Fish Lines and Maintenance
All fish lines were maintained in Tügbingen or Tupfel longfin (TLF) backgrounds and
maintained as previously described (Mullins et al., 1994). We used the following mutant
alleles, which were genotyped as previously described: robo2-ti272z (Fricke et al.,
2001), extl3-tm70g (Lee et al., 2004), col4a5-s510 (Xiao and Baier, 2007). The
Tg(sox10:col4a5-myc) line was generated as previously described (Isaacman-Beck et
al., 2015) and genotyped by amplifying the Myc transgene using the following primers: 5’
GACTACAAGGATGACGATGACAAG

3’

(forward)

and

5’

TTCTCCCATAGTCACGCTAGC 3’ (reverse). For in vivo imaging, the following
transgenic lines were used: Tg(mnx1:GFP)ml3 (Flanagan-Steet et al., 2005) to visualize
motor axons in both dorsal and ventral nerve branches, Tg(isl1:GFP)rw0 (Uemura et al.,
2005) to visualize dorsal nerve branch axons alone. Zebrafish veterinary care was
performed under the supervision of the University Laboratory Animal Resources (ULAR)
at the University of Pennsylvania. All zebrafish work was performed in accordance with
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protocols approved by the University of Pennsylvania Institutional Animal Care and Use
(IACUC).
Nerve Transection
Dorsal and ventral nerves were transected using a nitrogen-pulsed dye (440nm) laser
as previously described (Rosenberg et al., 2012). Briefly, one of the two nerve branches
(dorsal for Figures 1, 2 and 3 or ventral for Figures 4 and 5) were transected ~5um from
the nerve branch-point (10-15um from the MEP), leaving the other nerve branch intact
and a ~5um gap between proximal and distal stumps of the transected nerve branch.
Prior to transection, larvae were genotyped by fin clipping on 3 dpf to ensure a mix of
genotypes (~50% siblings and ~50% mutants) in each experiment. After larvae were
selected based upon their genotypes, larvae were pooled and then selected randomly to
blind the researcher to genotype during nerve transection. In extl3-/- larvae, dorsal nerves
reach dorsal muscle targets, but a small subset grow along an aberrantly lateral
trajectory. This phenotype is variably penetrant, affecting 0-50% of nerves per larvae
and <20% of all nerves across the mutant population (n>50 larvae; PLM, unpublished
observations). Thus, for dorsal nerve transections in progeny from extl3+/- parents, we
carefully selected phenotypically normal nerves for transection.
Quantification of Axon Regeneration
Dorsal axon guidance pre- and post-transection was quantified using modified Sholl
analysis, as previously described (Isaacman-Beck et al., 2015), with the exception that
line thickness in Sholl diagrams here do not correlate to fascicle thickness. When
performing these analyses, nerves were deidentified and given unique IDs that could
later be reassociated with their meta-data, so that researchers were blinded to genotype
while scoring images. To calculate the regeneration error rate for each nerve, we divided
the number of fascicles that regenerated outside the dorsal ROI (“errors”) by the total
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number of fascicles that regenerated by 48 hpt. To determine the angle of ventral nerve
extension, we measured the angle between two consistent points along the trunk of the
nerve (50um and 100um from the MEP). The extent of ventral nerve regeneration was
scored by counting the number of fascicles which regenerated at least 50um from the
MEP by 48 hpt.
Immunohistochemistry and whole-mount fluorescent in situ hybridization
To visualize robo2 expression after nerve transection, dorsal nerves were transected
in 5 dpf Tg(isl1:GFP) larvae. At 0-10 hpt, larvae were fixed in 4% PFA in PBS with 0.1%
Tween-20 overnight at 4oC. The antisense robo2 probe was synthesized from
pBlueScript-robo2 linearized with EcoRI using T3 RNA polymerase (Promega); the
sense robo2 probe was synthesized from pBlueScript-robo2 linearized with XhoI using
T7 RNA polymerase (Promega). Probes were hydrolyzed in 0.6M sodium carbonate and
0.4M sodium bicarbonate at 60oC for 11min to yield 300-500bp fragments. Whole mount
in situ hybridization was performed as previously described (Thisse and Thisse, 2008)
with the following modifications: 5 dpf larvae were permeabilized by digesting with
Proteinase K (10ug/ml, Promega) for 2 hours; endogenous peroxidases were quenched
by incubating in 0.3% H2O2 for 30 minutes before adding anti-digoxigenin antibody; for
blocking and antibody incubation, we used 2% Blocking Reagent (Roche) in PBS with
0.1% Tween-20; probes were detected using sheep anti-digoxigenin POD Fab
fragments (Roche) and developed for 2 minutes using Tyramide Signal Amplification
(TSA Plus kit, PerkinElmer). We stained for Tg(isl1:GFP) using chicken anti-GFP (1:500,
Aves Labs) detected by donkey anti-chick Alexa Fluor 488 (1:500, Jackson
ImmunoResearch Laboratories, Inc.). Anti-digoxigenin POD and anti-GFP primary
antibodies were incubated concurrently; secondary antibody was incubated at 4oC
overnight after TSA.
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Nerves were imaged in 1um sections using a 63X water immersion lens on a Zeiss
LSM 880 laser scanning confocal microscope and Zeiss Zen software or using a 40X
water immersion lens on an Olympus Spinning disk confocal microscope and 3i
Slidebook Software. Overlap between Tg(isl1:GFP) and robo2 probe was quantified from
40X images in Fiji in the following way: motor pools of transected nerves were isolated
by cropping optical sections in 3D; motor pools were then compressed into MIPs; GFP
and robo2 probe signals were separated and converted into binary masks using max
entropy and moments methods, respectively; percent particle overlap between the two
masks was calculated using the GDSC colocalization plugin; percent particle overlap
was then normalized to the number of cell bodies manually counted in each motor pool.
Plasmid construction
The mnx1:mKate, mnx1:robo2 plasmid was constructed using Gateway cloning
(Kwan et al., 2007) using pME:robo2 (Campbell et al., 2007) and pI-SceI mnx1:mKate,
mnx1:DEST, which encodes two mnx1 promoters in tandem (Bremer and Granato,
2016), to insert the robo2 coding sequence behind the second mnx1 promoter. To
construct plasmid for synthesis of robo2 in situ probe (pBlueScript-robo2), the full length
robo2 coding sequence was amplified from the mnx1:mKate, mnx1:robo2 plasmid using
the following primers 5’ AGTCAGCTCGAGAACGTGTTCTGGGGT-TGAGA 3’ (forward,
includes

XhoI

restriction

site)

and

5’GCTAACGAATTCTGGGTATGAGGCATTTCCAGAAC 3’ (reverse, includes EcoRI
restriction site). XhoI and EcoRI restriction sites were used to clone this product into
pBluescript II KS+.

Sparse axonal labeling
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We used mnx1:mKate, mnx1:robo2 and mnx1:mKate, mnx1:mKate to label small
numbers of ventral motor neurons by injecting 50-100 pg of plasmid DNA into one-cell
stage embryos with Isce-I, as previously described (Downes, Waterbury and Granato,
2002). We have previously validated that both mnx1 promoters in this construct are
active and drive comparable levels of expression (Bremer and Granato, 2016). At 3dpf,
injected larvae with mKate expression were screened for ventral nerves with very few
labeled axons using a 40X water immersion lens on a Olympus spinning disk confocal
microscope using 3i Slidebook software. When examining branch-specific labeling in
development and regeneration, nerves were deidentified and given unique IDs that could
later be reassociated with their meta-data, so that researchers were blinded to the
injection condition and genotype while scoring. Nerves were scored as “dorsal” if any
mKate+ fascicles were present were present along the dorsal branch, regardless of
whether mKate+ fascicles were also present along the ventral branch.
It was technically challenging to sparsely label ventral axons in sufficient numbers for
transection experiments without labeling multiple neurons per motor pool. We could
almost always count multiple (2-6) mKate+ cell bodies in motor pools corresponding to
transected ventral nerves (data not shown). After ventral nerve transection, we often
observed that Tg(mnx1:mKate;mnx1:robo2)+ fascicles regenerated along both the dorsal
and the ventral branch (see Figure 5D). We believe it is very likely that this reflects the
regeneration of multiple labeled axons, rather than single bifurcating axons. Therefore,
at 48 hpt, we scored mKate+ fascicle regeneration as “ventral,” if mKate+ fascicles were
observed only on the ventral nerve branch, and we scored mKate+ fascicle regeneration
as “dorsal” if we observed any mKate+ along the dorsal branch, regardless of whether
mKate+ fascicles were also present along the ventral branch.
Live Imaging
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Larvae were anesthetized, mounted in agarose and imaged on a spinning disk
confocal microscope as previously described (Rosenberg et al., 2012). We began our
timelapse experiments 7-9 hpt and filmed regeneration for 12-15 hours. Due to variability
in time when axons started regrowing (8-14 hpt), we quantified axon dynamics starting
when the first regenerating fascicle reached the nerve branch-point and ending up to 10
hours later. We analyzed regenerating fascicles for a total of 5940 minutes in siblings (n
= 9 nerves) and 5030 minutes in mutants (n = 10 nerves). When analyzing regeneration
dynamics, nerves were deidentified and given unique IDs that could later be
reassociated with their meta-data, so that researchers were blinded to genotype while
scoring.
Image Processing
For ventral nerves (Supplementary Fig. 2) and fixed samples (Supplementary Fig. 1),
Z-stacks were compressed into maximum intensity projections (MIPs). Brightness and
contrast were automatically optimized based upon the image histogram in Fiji ImageJ
(NIH). The dorsal nerve branch wraps around the spinal cord, closely apposed to motor
neuron cell bodies, which are labeled brightly by our transgenic lines. To visualize the
dorsal nerve independently of neuron cell bodies (Figs. 1, 2, 3, 4, 5), we used Fiji to
create multiple MIPs from the same Z-stack, including only optical sections that
contained the dorsal nerve without neuron cell bodies in each XY position. These MIPs
were adjusted to equivalent brightness and contrast and then stitched together using the
Pairwise Stitching plugin (Preibisch, Saalfeld and Tomancak, 2009).
Statistical Analyses
Continuous data (Fig. 3) were analyzed using one- or two-tailed t-tests, as indicated
in figure legends. Categorical data (Figs. 1-5) were analyzed in contingency tables using
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one- or two-tailed Fisher’s exact tests for proportionality, as indicated in figure legends.
Count data (Fig. 3) were analyzed using two-tailed Mann Whitney tests.
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Supplemental Figures and Tables

Supplementary Figure 1. Spatiotemporal restriction of col4a5 to the nerve branch point is
required for target selective regeneration. (A) Angles of regrowth of regenerated fascicles at
48 hours post transection (hpt) in wildtype siblings (solid bars, n = 96 fascicles, 37 nerves, 11
larvae) and Tg(sox10:col4a5-myc) larvae (hashed bars, n = 133 fascicles, 40 nerves, 11 larvae)
plotted as a histogram with proportion of regenerating fascicles divided into 30-degree bins. Bin
corresponding to the dorsal ROI (centered at 35o) is pseudocolored green, while bins
corresponding to erroneous regions are pseudocolored magenta. This is an alternative
representation of the data shown in sholl diagrams in Figures 1G (siblings) and 1J
(Tg(sox10:col4a5-myc) larvae).
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Supplementary Figure 2. Robo2 is expressed in isl1+ motor neurons before and after
transection. (A) Representative image of Tg(isl1:GFP) motor neurons in spinal cord 8-10 hpt
stained with robo2 antisense ISH probe (magenta) and GFP antibody (green). Image shown is
maximum Z-projection of 24 optical sections (10um), 63X. Dashed yellow box, transection site.
Dashed white box, area enlarged 1.5X in (A’) and (A’’) showing a single optical section (0.41um)
with one Tg(isl1:GFP) motor neuron (green, outlined with yellow dashed line) expressing robo2
mRNA (magenta) merged (A’) and alone (gray) (A’’). (B) Quantification of colocalization of robo2
ISH probe with Tg(isl1:GFP) neurons at 0-10 hpt. Each dot represents the fraction of robo2
expression in a single motor pool that colocalized with GFP, normalized to the number of labeled
motor neurons. Mean % overlap per neuron was compared across timepoints using one-way
ANOVA (p = 0.2138). (C-E) Representative images of Tg(isl1:GFP) motor neurons stained with
robo2 antisense ISH probe (C-D) or sense ISH probe control (E) (magenta) and GFP antibody
(green) (merged). (C’-E’) ISH probe of corresponding image alone (gray). Images shown are
single optical sections (1um), 40X. of nerves untransected (C) and at 0-6 hpt (D-E). White
asterisks, motor exit points (MEPs). Yellow dashed lines outline cell bodies with expression, white
dashed lines outline cell bodies without expression. Scale bars 10um.
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Supplementary Figure 3. Robo2 and extl3 are required to promote dorsal branch
selection by regenerating dorsal nerve axons. (A) Angles of regrowth of regenerated
fascicles at 48 hours post transection (hpt) in exlt3 wildtype siblings (solid bars, n = 98
fascicles, 38 nerves, 19 larvae) and exlt3 mutants (hashed bars, n = 58 fascicles, 23
nerves, 7 larvae) plotted as a histogram with proportion of regenerating fascicles divided
into 30-degree bins. This is an alternative representation of the data shown in sholl
diagrams in Figures 2C (extl3 wildtype siblings) and 2F (exlt3 mutants). (B) Angles of
regrowth of regenerated fascicles at 48 hours post transection (hpt) in robo2 wildtype
siblings (solid bars, n = 108 fascicles, 33 nerves, 16 larvae) and robo2 mutants (hashed
bars, n = 97 fascicles, 26 nerves, 9 larvae) plotted as a histogram with proportion of
regenerating fascicles divided into 30-degree bins. This is an alternative representation
of the data shown in sholl diagrams in Figures 2J (robo2 wildtype siblings) and 2M
(robo2 mutants). Bins corresponding to the dorsal ROI (centered at 35o) is
pseudocolored green, while bins corresponding to erroneous regions are pseudocolored
magenta.
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Supplementary Figure 4. Slit-Robo signaling is dispensable for ventral nerve branch
development and regeneration. Top: Representative images of Tg(hb9:GFP) ventral nerves at
5dpf and 48hpt, respectively, in extl3 siblings (A, B) extl3-/- (C, D), robo2 wildtype siblings (G, H),
robo2-/- (I, J). Motor exit point (MEP) is just dorsal to the top of imaging frame shown. Arrowheads
in (A) mark 50um (yellow arrowhead) and 100um (blue arrowhead) from the MEP. Dashed yellow
boxes denote transection site (10-15um ventral to MEP). Bottom: Quantification of ventral nerve
fascicles at 5dpf (Precut) and 48hpt in (E) extl3 wildtype siblings (n = 20 nerves, 11 larvae) and
extl3-/- larvae (n = 30 nerves, 16 larvae) and (K) robo2 wildtype siblings (n = 10 nerves, 5 larvae)
and robo2-/- larvae (n = 17 nerves, 9 larvae). Nerves were scored by counting the number of
discrete fascicles discernible 50um from the MEP (yellow arrowhead in A). Legend continued on
p.69, top.
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Supplementary Figure 4 legend continued from p. 68. Genotypes were compared using twotailed t-tests (for extl3: Precut, p = 0.6875 ; 48hpt, p = 0.9167 for robo2: Precut p = 0.6009 ;
48hpt, p = 0.1003 Angle of ventral nerve extension at 5dpf and 48hpt in (F) extl3 wildtype siblings
(n = 10 nerves, 5 larvae) and extl3-/- larvae (n = 17 nerves, 9 larvae) and (L) robo2 siblings (n =
26 nerves, 10 larvae) and robo2-/- larvae (n = 17 nerves, 7 larvae). Extension angle was
calculated as the difference between the angle of the nerve between 50um from the MEP (yellow
arrowhead in A) and 100um from MEP (blue arrowhead in A). Each dot represents one nerve.
Genotypes were compared using two-tailed t-tests (for extl3: Precut, p = 0.3403 ; 48hpt, p =
0.1900; for robo2: Precut p = 0.9424 ; 48hpt, p = 0.8731).
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Supplementary Figure 5. Error formation and regenerating fascicle growth dynamics are
unaffected in robo2 mutant. (A) Number of errors formed 8-20hpt in wildtype siblings
(robo2+/+;+/-, n = 9 nerves) and robo2-/- larvae (n = 10 nerves). Each dot represents one nerve.
Ranks between genotypes were compared using two-tailed Mann Whitney test (p = 0.6238) (B)
Error extension and retraction speed calculated as the absolute value of error movement velocity
in um/min. Extension and retraction events were examined in 10 min intervals and classified as
extensions when there was a ≥1um increase in error length measured from the motor exit point
(MEP); movements were classified as retractions when ≥1um decrease in error length measured
from the MEP. Each dot represents one extension or retraction event (for siblings n = 23 errors
underwent 51 extension events and 51 retraction events; for robo2-/-, n = 34 errors underwent 139
extension events and 109 retraction events). Line, mean; error bars, 95% confidence intervals.
Genotypes were compared using two-tailed t-tests (for extensions, p = 0.3849; for retractions, p =
0.3853). n.s. denotes “not significant.”
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Supplementary Figure 6. Robo2 does not affect developmental branch-selectivity or
regeneration capacity of spinal motor axons. (A) Graph of developmental branch-selectivity of
sparsely labeled fascicles in Tg(hb9:GFP) larvae, showing the percent of spinal motor nerves in
which any fascicles expressing Tg(mnx1:mKate; mnx1:mKate) (mKate in graph) or
Tg(mnx1:mKate; mnx1:robo2) (robo2 in graph) developed along the dorsal nerve branch (dorsal)
or along the ventral branch exclusively (ventral) at 5dpf (for Tg(mnx1:mKate; mnx1:mKate), n =
41 nerves; for Tg(mnx1:mKate; mnx1:robo2), n = 41 nerves). Two-tailed Fischer’s exact test was
used to compare proportions of nerve counts in each category (p = 0.999). (B) Graph of
regeneration frequency of fascicles showing the percent of spinal motor nerves in which fascicles
expressing Tg(mnx1:mKate; mnx1:mKate) (mKate in graph) or Tg(mnx1:mKate; mnx1:robo2)
(robo2 in graph) regenerated at least 50um along either nerve branch (Regenerated) or failed to
regenerate (Stalled/dead) at 48 hpt (for Tg(mnx1:mKate; mnx1:mKate), n = 26 nerves; for
Tg(mnx1:mKate; mnx1:robo2), n = 32 nerves). Two-tailed Fischer’s exact test was used to
compare proportions of nerve counts in each category (p = 0.999). n.s. denotes “not significant.”
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Supplementary Figure 7. Robo2 does not affect developmental branch-selectivity or
regeneration capacity of spinal motor axons in col4a5+/+;+/- (wildtype siblings) and col4a5-/-.
(A) Graph of developmental branch-selectivity of sparsely labeled fascicles in col4a5+/+;+/(wildtype siblings) and col4a5-/- Tg(hb9:GFP) larvae, showing the percent of spinal motor nerves
in which any fascicles expressing Tg(mnx1:mKate; mnx1:mKate) (mKate in graph) or
Tg(mnx1:mKate; mnx1:robo2) (robo2 in graph) developed along the dorsal nerve branch (dorsal)
or along the ventral branch exclusively (ventral) at 5dpf (for wildtype siblings: Tg(mnx1:mKate;
mnx1:mKate), n = 89 nerves; for Tg(mnx1:mKate; mnx1:robo2), n = 80 nerves; for col4a5-/- larvae
Tg(mnx1:mKate; mnx1:mKate), n = 48 nerves; for Tg(mnx1:mKate; mnx1:robo2), n = 26 nerves).
Two-tailed Fischer’s exact test was used to compare proportions of nerve counts in each
category (for siblings, p = 0.2831; for col4a5-/- larvae, p = 0.1364). (B) Graph of regeneration
frequency of fascicles showing the percent of spinal motor nerves in col4a5+/+;+/- (wildtype
siblings) and col4a5-/- Tg(hb9:GFP) larvae in which fascicles expressing Tg(mnx1:mKate;
mnx1:mKate) (mKate in graph) or Tg(mnx1:mKate; mnx1:robo2) (robo2 in graph) regenerated at
least 50um along either nerve branch (Regenerated) or failed to regenerate (Stalled/dead) at 48
hpt (for wildtype siblings: Tg(mnx1:mKate; mnx1:mKate), n = 24 nerves; for Tg(mnx1:mKate;
mnx1:robo2), n = 21 nerves; for col4a5-/- larvae Tg(mnx1:mKate; mnx1:mKate), n = 14 nerves; for
Tg(mnx1:mKate; mnx1:robo2), n = 16 nerves). Two-tailed Fischer’s exact test was used to
compare proportions of nerve counts in each category (for siblings, p = 0.3661; for col4a5-/larvae, p = 0.999). n.s. denotes “not significant.”
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Supplementary Figure 8. robo2 is sufficient to promote dorsal branch-selection by
regenerating axons in col4a5+/+;+/- larvae (wildtype siblings). Representative images of
Tg(hb9:GFP) (green) nerves in col4a5+/- (wildtype sibling) larvae with fascicles expressing
transient Tg(mnx1:mKate, mnx1:mKate) (A-B) or Tg(mnx1:mKate, mnx1:robo2) (C-D) (magenta)
in small subsets of ventrally projecting motor axons. Merged GFP and mKate images shown at
5dpf (A, C) and 48hpt (B, D). mKate channel is shown alone at 5dpf (A’, C’) and 48hpt (B’, D’). In
larvae expressing Tg(mnx1:mKate, mnx1:mKate), n = 12/12 nerves had only ventral regrowth of
mKate+ fascicles, like in the example shown. In larvae expressing Tg(mnx1:mKate, mnx1:robo2),
n = 5/14 nerves had dorsal regrowth of mKate+ fascicles, like in the example shown. Proportions
of nerves with ventral regrowth were compared between conditions using one-tailed Fischer’s
exact test (p = 0.0304). Images were processed as described in Materials and Methods. Dashed
yellow boxes, transection site. Scale bars, 10um.
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Table S1. Counts of ventrolateral Tg(isl1:GFP) fascicles pre-transection (5dpf). Fascicles
were counted as inside the dorsal ROI if their endpoints lay 20o-50o dorsal to the spinal cord. All
statistical comparisons performed using one-tailed Fischer’s exact tests. In Sig? column, n.s.
denotes “not significant.”
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Table S2. Counts of Tg(isl1:GFP) errors at 48 hours post-transection. Fascicles were
counted as inside the dorsal ROI if their endpoints lay 20o-50o dorsal to the spinal cord. All
statistical comparisons were performed using one-tailed Fischer’s exact tests on contingency
tables of counts of error vs. dorsal fascicles. In Sig? column, * denotes p<0.05; *** denotes
p<0.001.
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Table S3. Counts of nerves with mKate+ labeled fascicles pre- and post-transection. Pretransection, wildtype (injected with Tg(mnx1:mKate, mnx1:mKate)) and robo2 (injected with
Tg(mnx1:mKate; mnx1:robo2)) nerves were scored as dorsal (D) if they contained at least one
visible mKate+ fascicle within the dorsal ROI (20o-50o dorsal to the spinal cord) and ventral (V) if
they contained no visible mKate+ fascicle within the dorsal ROI. After transection, nerves were
assigned a regeneration score of “yes” if at least one mKate+ fascicle regenerated at least 50um
along either nerve branch. At 48hpt, nerves were scored as dorsal (D) if at least one visible
mKate+ fascicle regenerated within the dorsal ROI. Nerves were scored as ventral (V) if there
were no visible mKate+ fascicles within the dorsal ROI. Two-tailed Fischer’s exact tests were
used to compare wildtype and robo2 conditions for each genotype pre-transection (5dpf) and to
compare rates of regeneration after ventral nerve transection in wildtype and robo2 conditions for
each genotype. One-tailed Fischer’s exact tests were used to compare wildtype and robo2
conditions for each genotype 48 hours post-transection. In Sig? column, * denotes p<0.05; **
denotes p<0.01, n.s. denotes “not significant.”
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CHAPTER 3: DISCUSSION
General conclusions
Although PNS axons often regrow after injury, they are frequently misguided,
causing functional impairment and neuropathic pain (De Ruiter et al., 2014). Axons that
regenerate along inappropriate paths are often pruned away over time, and recently
many cellular and molecular mechanisms that mediate this long-term error correction
have been discovered (Wood and Mackinnon, 2015). However, to promote targetspecific regeneration, we need to understand mechanisms that axons use to select
appropriate trajectories during regeneration. This need is quickly becoming more urgent,
as many groups are making progress toward therapies to increase axon outgrowth after
injury, which often simultaneously impair the guidance of regenerating axons (Gordon
and English, 2016). The clinical significance of these therapies will not be fully realized if
axons fail to innervate appropriate functional targets (Sunderland, 1991). We have
leveraged the simple architecture and reliable regeneration of the zebrafish spinal motor
nerve to uncover a molecular pathway that functions from glia to extracellular matrix
(ECM) to regenerating axon to determine axon pathway choice at a nerve branch-point.
During regeneration, specialized glia at the nerve branch-point upregulate slit1a and
col4a5. Here we demonstrate that the Slit-receptor robo2 and the Slit-Robo co-receptor
heparan sulfate (HS) are required specifically to guide regenerating dorsal, but not
ventral, spinal motor axons. Interestingly, we demonstrate that robo2 overexpression is
sufficient to promote dorsal regeneration, suggesting that Slit-Robo specifies the dorsal
path for regenerating axons. We show that this role for robo2 requires col4a5, placing
robo2 and col4a5 function in a common molecular pathway that promotes dorsal
guidance at the nerve branch-point. Time-lapse imaging revealed that, consistent with
this idea, robo2 also functions at the nerve branch-point to prevent non-dorsal axon
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extension. Together, these results support a model by which Col4a5 scaffolds the Robo
ligand Slit in the ECM at the nerve branch-point, thereby promoting dorsal branch
selection by regenerating axons. This model is further supported by our finding that strict
spatiotemporal restriction of col4a5 is required for its function. Future studies will be
needed to demonstrate direct interactions between col4a5 and slit1a in this system, as
well as to determine the cellular and molecular mechanisms that regulate their
expression after injury.

Neuronal differences in axon guidance receptor expression promote targetselective regeneration
During development, diverse populations of axons bound for functionally distinct
targets simultaneously navigate a common environment. In this environment, neuronal,
glial, and mesenchymal precursors strategically deposit axon guidance cues and ECM
molecules to create surfaces and diffusible gradients that provide navigational
information (Hinck, 2004). How and to which guidance cues each axonal population
responds depends upon the unique combination of axon guidance receptors expressed
on their growth cones (Raper and Mason, 2010). These receptors allow each axon to
interpret and follow the cues that lead to its appropriate target. Equally important are the
receptors that are not expressed by a given growth cone, as their absence allows it to
ignore irrelevant cues that would lead to inappropriate targets. Whether and how such a
mechanism might be employed in regeneration to guide regrowing axons back toward
their original targets was, until this study, a matter of intriguing speculation.
It is accepted that regenerating sensory and motor axons choose different pathways
based upon a combination of neuron-intrinsic differences and environmental differences
in denervated sensory and motor nerves (Wright et al., 2014), although only a small
number of molecules and mechanisms have been characterized. For example,
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polysialylated neural cell adhesion molecule is important to guide regenerating motor,
but not sensory axons (Franz, Rutishauser and Rafuse, 2005), and the carbohydrate
L2/HNK-1 is expressed by denervated Schwann cells that had previously contacted
motor, but not sensory axons (Martini, Schachner and Brushart, 1994). In addition to
discriminating between motor and sensory pathways, regenerating motor axons show
the ability to re-establish topographical relationships with muscles (Laskowski and
Sanes, 1988), suggesting that they are able to discriminate between different motor
pathways and/or muscle targets. However, the molecular mechanisms by which motor
axons might select particular muscles out of many options remained unclear. Here we
identify an axon guidance receptor, robo2, that is necessary and sufficient to promote
spinal motor axon regeneration toward dorsal, rather than ventral, muscle targets in
zebrafish. To our knowledge, this is the first concrete evidence that differential guidance
receptor expression confers differential target selection by axons in regeneration, as it
often does in development.
Based upon our finding that robo2 expression is sufficient to specify dorsal, rather
than ventral, target selection, we hypothesized that robo2 expression would be restricted
to dorsal motor neurons after transection. This was difficult to determine. Using in situ
hybridization, we observed robo2 mRNA expression in spinal motor neurons before and
after injury; we did not, however, observe significant upregulation at any timepoint after
injury. It is possible that Robo2 protein function is differentially regulated after dorsal
nerve transection, despite the lack of detectable upregulation at the level of the robo2
mRNA. In development, it is well known that Robo-receptor expression is regulated posttranslationally by endosomal sorting (Blockus and Chédotal, 2016; Gorla et al., 2019).
Similar mechanisms may regulate Robo expression in regenerating spinal motor
neurons (SMNs). Further, we cannot exclude the possibility that robo2 expression is
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upregulated in a very small subset of regenerating neurons during regeneration, making
its upregulation difficult to quantify against low levels of constitutive expression in SMNs
at 5dpf. We have previously observed that a subset of axons serve as pioneers in spinal
motor nerve regeneration (Gribble et al., 2018), although it is currently unclear what
distinguishes these pioneers from other axons. Further experiments will be necessary to
determine whether a small subset of robo2-expressing or -upregulating axons act as
pioneers during dorsal nerve regeneration.
Following spinal motor nerve transection, col4a5 and slit1a are upregulated by
Schwann cells at the nerve branch-point (Isaacman-Beck et al., 2015). Our results
suggest that robo2-expressing regenerating axons respond to these branch-point gliaderived signals by turning dorsally, while those that do not express robo2 instead
continue ventrally (Chapter 2). Given that col4a5 and robo2 are dispensable for ventral
nerve regeneration (Isaacman-Beck et al. 2015; Chapter 2), it is somewhat surprising
that robo2-overexpression is sufficient to promote ventral axon regeneration toward
dorsal muscle targets. This result suggests that col4a5 and the Robo2-ligand slit1a are
upregulated after ventral nerve transection (Chapter 2) and is consistent with the idea
that neuron-intrinsic differences promote differential target selection in regeneration. It is
therefore possible that glia may respond to nerve injury somewhat nonspecifically,
potentially even by upregulating “superfluous” axon guidance cues that cannot be
detected by the injured axonal population under normal conditions. Finally, after dorsal
nerve transection, we detect col4a5- and slit1a-expressing Schwann cells both in the
transection site and on the proximal, uninjured ventral nerve (Isaacman-Beck et al.,
2015). This raises the possibility that Schwann cells need not be denervated to respond
to nearby axonal injury. As discussed below, future work will determine the origin of the
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cells that upregulate col4a5 and slit1a during spinal motor nerve regeneration as well as
the mechanisms by which these cells sense and respond to axonal injury.
After injury, Schwann cells upregulate nerve branch- and modality-specific genes
that may affect target selectivity (Ahmet Höke et al., 2006; Jesuraj et al., 2012; Brushart
et al., 2013). Our results indicate that these responses may in some cases be
nonspecific to the injured axonal population, and the functional roles of these genes very
likely differ with respect to each population of regenerating axons. Evolutionarily, nonspecific environmental responses to nerve injury could be advantageous, as they
alleviate the need to deploy axon-specific injury detection signals and mechanisms and
provide a layer of redundancy to ensure target-selective regeneration by multiple axonal
populations. This could be particularly important following complex injuries that affect
variable fractions of multiple axonal populations.

Roles for Slit-Robo in motor axon regeneration
In regeneration, repulsive axon guidance molecules, including Slit and Robo, often
inhibit axon outgrowth (Hagino et al., 2003; Giger, Hollis and Tuszynski, 2010b). For
example, in C. elegans, Slit (slt-1) and Robo (sax-3) inhibit the extension of the
mechanosensory PLM axon after transection, leading to reduced regeneration (Chen et
al., 2011). Here we show that robo2 inhibits the extension of regenerating motor axons.
However, this inhibition is selective: robo2 specifically prevents regenerating dorsal
axons form extending along incorrect trajectories, presumably in response to Slit at the
nerve-branch point. Slit-Robo binding influences the local cytoskeleton by regulating Rho
GTPases (O’Donnell, Chance and Bashaw, 2009) in part through special GTPase
activating proteins (GAP) called Slit-Robo GAPs (srGAPs). Downstream of Slit-Robo
binding, srGAP1 inhibits actin polymerization by inactivating the Rho GTPase Cdc42
(Wong et al., 2001). It is therefore possible that during dorsal nerve regeneration, Slit at
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the nerve branch-point signals through robo2 to prevent error extension via srGAP1mediated inactivation of Cdc42. After peripheral nerve injury in rodents, srGAPs (Madura
et al., 2004; Chen et al., 2012b) and microRNAs that regulate their expression (Zhang et
al., 2011; Lu et al., 2014) are upregulated in neurons, suggesting they may play a role in
regeneration. Future experiments will determine the downstream signaling mechanisms
responsible for dorsal branch selection by regenerating motor neurons.
During neural development, axons navigate to their targets through a series of
intermediate guidance choice-points (intermediate targets) (Raper and Mason, 2010). An
interesting property of intermediate targets is that axons must be initially attracted to
these areas and then repelled, as they move on to the next intermediate target (Stoeckli
and Landmesser, 1998). For example, Slit is expressed at the ventral midline of the
spinal cord; this midline serves as an intermediate target for commissural axons, which
express Robo. Prior to their arrival at the midline, Robo in these axons is sorted to
endosomes, thereby preventing Slit-responsiveness and allowing them to approach the
midline. Upon arriving at the midline, however, Robo is trafficked to the axonal surface,
and these axons are repelled across the midline by Slit (Keleman, Ribeiro and Dickson,
2005). Here we find a role for Slit-Robo at an intermediate target in regeneration: the
spinal motor nerve branch-point. Unlike the ventral midline of the spinal cord, axons do
not cross the nerve branch-point, but rather make a specific turn upon reaching it. By
quantification of time-lapse imaging, we show that robo2 is required to prevent axons
from extending for long distances along incorrect paths at the branch-point, thereby
biasing their extension toward the correct, dorsal path (Chapter 2). This is consistent
with a role for robo2 in preventing entry into a boundary region of Slit expression, as it
does in multiple contexts during development. For example, robo2 prevents developing
retinotectal axons from exiting the optic tract before and after midline crossing (Hutson
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and Chien, 2002) and prevents olfactory axons from exiting their bundles prematurely on
their way to the olfactory bulb (Miyasaka et al., 2005). In each of these developing
systems, the areas surrounding the axonal tracts express high levels of Slit, while the
axons are restricted to channels which lack Slit expression. Similarly, in dorsal nerve
regeneration, ventral and lateral pathways are bounded by higher Slit expression, while
the dorsal path followed by regenerating robo2-expressing axons lacks Slit expression.
Through our detailed phenotypic analysis of dorsal nerve regeneration in robo2
mutants and siblings, we were also able to identify robo2-indpendent aspects of dorsal
nerve regeneration. For example, the frequency, length, and speed of axon retractions
during dorsal nerve regeneration are indistinguishable in robo2 mutants and their
siblings (Chapter 2). This suggests that robo2 is not required to promote repulsion away
from the nerve branch-point, but rather that robo2 “repels” regenerating axons away
from erroneous paths by preventing their extension along them. In wildtype animals,
baseline levels of (robo2-independent) repulsion at the nerve branch-point are sufficient
to fully retract errors that form during regeneration. In contrast, in robo2 mutant animals,
even though errors retract at a frequency, length and speed similar to that in wildtype
siblings, they extend so frequently that they ultimately fail to fully retract. Without timelapse imaging, we would not have been able to identify such a nuanced role for robo2,
given that both promoting error repulsion and preventing error extension would produce
to the same phenotype at 48 hours post-transection (increased errors in robo2 mutants).
Finally, robo2 appears to be dispensable to promote exit of regenerating axons from the
nerve branch-point, as ~50% of axons in robo2 mutants are able to exit the branch-point
and extend dorsally. Future experiments will be required to identify the cues that repel
regenerating axons out of the nerve branch-point, as well as those that pull regenerating
axons out of the nerve branch-point and toward the dorsal targets.
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Key differences between axon guidance in development and regeneration
The challenges faced by regenerating axons are vastly different from those
encountered by axons in the developing embryo. One key difference is that regenerating
axons

must

traverse

significantly

longer

distances

than

their

developmental

counterparts. For example, the general nerve architecture of the human forelimb is
established early in utero, between the 4th and 10th week of life (Shinohara et al., 1990).
By the 11th week of life, these forelimb nerves are functional, and they maintain the
same general shape for the entire human lifespan. As the human grows, rather than
sprouting new growth cones, forelimb nerves remain attached to their targets and simply
stretch (Weiss, 1934; Bray, 1984). In the case of the human forelimb, the axons must
stretch to roughly 50 times their length to reach their adult size. The mechanisms that
underly stretch growth are unclear, but mechanical tension is a reliable way to expand
the length of axons in culture (Pfister et al., 2004). Finally, nerves are typically required
to regenerate into tissues of a stable size, while developing nerves grow into tissue that
is expanding (Bremer and Granato, 2016). The effects of this distance on axonal growth
rate, etc. are unknown (perhaps the majority of developmental axon outgrowth is a
combination of growth cone extension and stretching).
Although peripheral nerve axons grow for only short distances in development, some
axons in the central nervous system (CNS) extend for great lengths via growth cones in
the embryo. For example, human corticospinal tract axons grow roughly 13cm by 24
weeks gestation (Eyre et al., 2000) to make it to the cervical spinal cord. These axons
continue to grow toward their targets until after birth (Eyre et al., 2000), meaning the
longest may extend for longer than ~25cm. This distance is remarkable (~2500x their
cell body diameter), but it pales in comparison to the 100cm length of the adult sciatic
nerve. It is unclear whether any axons in the human body are, at any point in the
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lifespan, capable of growing for such a length without the aid of stretching. The cellular
and molecular mechanisms that would support the metabolic and material demands of
such long-distance growth have yet to be identified. In the mouse embryo, long-distance
CNS axon outgrowth occurs along a scaffold made of radial-glia-like cells; notably, this
cellular scaffold is required for long distance growth during development, and it is no
longer present in the adult (Kridsada et al., 2018). Whether comparable structures are
required for long-distance axonal regeneration is unclear. Similarly, it is not known
whether mature glia are capable of building similar structures to support regenerating
axons, let alone in the context of the mature nervous system. Following PNS injury,
mature glia, particularly Schwann cells, provide permissive scaffolds for regenerating
axons to grow along (Jessen, Mirsky and Lloyd, 2015). Axon outgrowth along Schwann
cell-derived scaffolds in regeneration is very different from peripheral nerve axon
outgrowth in development, where growth cones travel with, rather than following along,
Schwann cell precursors (Banerjee et al., 2013). Interestingly, our lab has recently
identified that Schwann cells become required for spinal motor nerve regeneration only
after a particular developmental stage in zebrafish (Rosenberg et al., 2014). This result
indicates that there is a switch in modes or mechanisms of axon outgrowth and/or
guidance post-development such that mature glial cells, which are not present during
development, play an essential role in regeneration. Thus, even if mature glia could build
development-like structures to support long-distance axon outgrowth, it is unclear
whether regenerating axons could grow for long distances along them.
In addition to growing for extremely long distances, regenerating axons must
navigate through a mechanically pre-determined environment

using guidance

information derived from cells that were not present during their initial axon outgrowth.
Development results in a complex meshwork of axons which crisscross and branch off
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from one another to innervate their targets, like cars exiting a complex superhighway. As
the nervous system matures, layers of protective ensheathing cells and connective
tissue (endoneurium and epineurium) form around these branched axonal bundles
(Cattin and Lloyd, 2016). Following nerve injury, distal axons degenerate and are
cleared away, but these protective outer tubes remain. To reconnect with their
appropriate targets, regenerating axons must grow through these tubes, which constrain
their guidance decisions to a number of fixed branch-points. Due to the privileged
environment of peripheral nerves, it is likely that axon guidance information at these
branch-points must come from nerve-resident cells (Weerasuriya and Mizisin, 2011). In
contrast, developing axons can flexibly probe their environment with relatively less
mechanical restriction and have access to guidance information produced by non-neural
cell types. For example, muscle precursors provide localized growth and guidance
information for developing spinal motor axons in the zebrafish (Schneider and Granato,
2006; Hilario, Wang and Beattie, 2010). It is unclear whether mature muscles or other
non-neural cells similarly support regenerating axons, although it seems unlikely given
the blood-nerve barrier and the mechanical barrier of the epineurium.
From the studies presented in this thesis, we are unable to conclude whether robo2
controls dorsal nerve development. Zebrafish robo2 mRNA is maternally deposited
(Challa et al., 2005), which could explain why dorsal nerves develop normally in robo2
mutant animals. However, our overexpression data suggests that robo2 does not
influence branch selection by spinal motor axons in development. In addition, robo2
mRNA is undetectable in wildtype zebrafish embryos at 10hpf (Challa et al., 2005),
which is ~7 hours before motor axon pathfinding begins (Myers, Eisen and Westerfield,
1986). This suggests that maternally deposited robo2 is no longer present in robo2
mutants during spinal motor axon development. However, without knowledge of Robo2
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protein degradation rates in the embryo, we cannot conclude that maternal Robo2 does
not play a role in this process. It is worth noting that, unlike robo2, robo3 is expressed by
motor neurons during spinal motor nerve development, and morpholino experiments
suggest that it is required to guide developing motor axons (Challa et al., 2005).
Therefore, while Slit-Robo signaling is likely involved in spinal motor axon development,
it appears unlikely that robo2 plays a prominent role in this process. We have previously
shown that in at least some cases, distinct mechanisms govern nerve development and
regeneration. For example, in zebrafish the muscle-specific kinase MusK is required for
the development of the ventral motor nerve (Zhang and Granato, 2000) but not for its
regeneration (Gribble et al., 2018). To confirm the role of robo2 in dorsal nerve
development, dorsal nerves will need to be examined in a maternal-zygotic robo2
mutant.
Finally, developing neural circuits exhibit remarkable flexibility both in their
construction and the degree to which their form determines their function. For example,
developing motor axons will pursue noncanonical paths to find their appropriate targets if
those targets are displaced or rearranged (Lance‐Jones and Landmesser, 1980; C
Lance-Jones and Landmesser, 1981). Importantly, these oddly-shaped motor nerves still
form functional connections with their appropriate targets. Similarly, CNS circuits often
vary greatly in structure, but not in function, from organism to organism (Chou et al.,
2010; Marder, Goeritz and Otopalik, 2015). This suggests that functional neural circuits
can emerge from development despite alterations in their construction. The extent to
which functional regeneration requires faithful recapitulation of original, developmental
wiring patterns remains unclear. Similarly, the robustness of regenerated peripheral
circuits, and the CNS circuits that control their output, to variations in target selection is
not well characterized.
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After injury post-development, we are asking peripheral nerve axons to grow over
distances and along structures that they never encounter during development, using a
method of long-distance axonal extension that is completely alien from the one
employed during development (stretching). Future experiments will determine whether
the mechanisms that guide developing spinal motor axons in zebrafish are reused in
regeneration. However, given the drastic differences between development and
regeneration, when the same guidance molecules and cellular pathfinding strategies that
are employed by developing axons are re-used in regeneration, this result should be
surprising rather than confirmatory.

Mechanisms of axon guidance in peripheral nerve regeneration: it’s all in the
timing, Part II
Axon guidance in regeneration, like in development, depends upon a myriad of cues
and cellular responses that must be tightly coordinated in space and in time. After dorsal
nerve injury, col4a5 is expressed in a very small subset of cells at the nerve branchpoint, for a very short period of time that corresponds to precisely when regrowing axons
are navigating the branch-point (Isaacman-Beck et al., 2015). We show here that the
spatiotemporal specificity of col4a5 upregulation is required for its role guiding
regenerating axons (Chapter 2). A similar mechanism governs the development of the
spinal motor nerve, but it is executed by a different ECM collagen, col19a1 (Collagen
Type 19 alpha 1). Rather than the nerve branch-point, which has yet to form during
development, col19a1 is expressed in muscles that serve as intermediate targets for
motor axon outgrowth. Like col4a5, col19a1 expression is restricted in space and in
time, coordinated with when axons encounter the intermediate targets that express it.
This spatiotemporal coordination is required for its function, as constitutive
overexpression of col19a1 disrupts motor axon development (Hilario, Wang and Beattie,
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2010). Thus, axon guidance in development and regeneration requires transient
guidance information to be coordinated in space and time with axonal behavior.
Future experiments will be needed to identify potential mechanisms controlling such
coordination between regeneration axons and glia that guide them. For example, if
axons were delayed in encountering the nerve branch-point, how long would branchpoint Schwann cells continue to express col4a5 and slit1a? Any delay in axon
regeneration might reduce the availability of guidance information needed for
regenerating axons to find their appropriate targets. For example, after nerve
transection, regenerating axons reach their targets more slowly than they do after crush
injury, presumably because they are required to slowly cross an injury gap. This
difference in timing could explain why guidance is more faithful after nerve crush than
after nerve transection (Nguyen, Sanes and Lichtman, 2002). Conversely, accelerating
axon outgrowth via electrical stimulation disrupts the guidance of regenerating axons
(Arthur W. English, 2005), perhaps because regenerating axons begin to grow before
vital guidance information is available.
How these branch-point cells sense injuries and how close injuries need to be for
them to respond is also an open question. Interestingly, our robo2 overexpression
results do suggest that the same branch specific cues are upregulated regardless of the
branch you injure. This suggests that there may be a degree of redundancy in responses
to injury. The spatiotemporal specificity and injury non-specific nature of col4a5 and
slit1a upregulation would make it very difficult to detect, for example, in a bulk RNA-seq
experiment. Our work suggests that live imaging with transcriptional reporter lines is
needed in conjunction with powerful approaches like RNA-seq to uncover the full
repertoire of mechanisms that guide regenerating axons. Similarly, our work highlights
the importance of highly dynamic, yet spatially restricted guidance mechanisms for
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tissue engineering strategies to repair the damaged nervous system. For example,
axons can grow into empty tubes (Weiss, 1934) and frozen nerve grafts containing ECM
but no living cells (Ide et al., 1983). However, the goal in peripheral nerve regeneration
isn’t simply for regenerating axons to enter a pathway, it is for them to choose the
correct pathway from many options, sustain their growth within that pathway all the way
to a target, and then to stay put and form functional connections with that target. Such a
feat requires temporal coordination between axon behavior and the microenvironments
along the pathway of the nerve and at the target.

Summary of future directions
Many interesting questions follow from the findings presented in this thesis, some of
which are discussed in context above. Major future directions of interests are
summarized here for the convenience of the reader, with more detail provided about
lines of inquiry not discussed above.
Although the work presented in Chapter 2 clearly demonstrates a role for robo2 and
the Slit-Robo co-receptor heparan sulfate in dorsal target-selective regeneration, we still
need direct evidence that slit1a is required for dorsal nerve regeneration. Thus, dorsal
nerve regeneration will need to be examined in loss of function mutants in slit1a. It is
possible that these mutants will not exhibit defects in dorsal nerve regeneration due to
compensation by one or multiple of the other three slit genes in zebrafish (Hutson et al.,
2003). Thus, combination mutants with loss of function alleles in multiple slit genes may
be necessary to determine whether the role of robo2 in dorsal nerve regeneration is Slitdependent. Our model also suggests that Col4a5 is required for the localization of Slit in
the extracellular matrix during dorsal nerve regeneration, and yet direct evidence of this
interaction is lacking. Future experiments examining Slit1a localization during dorsal
nerve regeneration in col4a5 mutants and siblings would provide conclusive evidence as
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to whether col4a5 is truly required for Slit1a localization at the nerve branch-point during
regeneration. Although no working Slit1 antibodies are available against zebrafish Slit1a,
Slit1a protein could be visualized by knocking a small epitope tag into the endogenous
slit1a locus. Importantly, Slit1a is cleaved into N- and C-terminal fragments, and the Nterminal fragment contains the Robo-binding domain (Wang et al., 1999). Therefore, an
epitope tag would need to be inserted onto the N-terminus of Slit1a.
We have identified a molecular pathway that controls guidance of regenerating
axons at the spinal motor nerve branch-point, and yet the mechanisms that guide
regenerating axons at other points along their pathway to their motor targets remain
unclear. For example, robo2 is dispensable to attract regenerating dorsal motor axons
into the nerve branch choice-point, to repel them away from ventral trajectories as they
navigate the choice-point, and to promote their exit from the branch-point and ultimate
extension along dorsal path. Thus, distinct guidance molecules and mechanisms must
function at these other stages of dorsal axon regeneration. Two interesting candidates to
mediate some of these functions are two other Roundabout receptors expressed in the
zebrafish nervous system (robo1 and robo3) (Challa, Beattie and Seeger, 2001).
During development, robo1 and robo2 collaborate to repel commissural axons
across the ventral midline of the spinal cord (Jaworski, Long and Tessier-Lavigne, 2010).
In dorsal nerve regeneration, an attractive hypothesis is that robo1 is required to
promote repulsion of regenerating dorsal axons away from ventral and lateral pathways
at the nerve branch-point in collaboration with the role of robo2, which prevents their
extension along these erroneous pathways. Alternatively, robo1 may mediate exit of
spinal motor axons from the branch choice-point so that they can continue on to their
dorsal muscle targets. To identify potential roles of robo1 in dorsal nerve regeneration,
we must examine dorsal nerve regeneration, and eventually the dynamics of
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regenerating dorsal axons, in loss of functions mutants for robo1. Interestingly, in
development, robo3 is required to attract commissural axons to the ventral midline of the
spinal cord (Sabatier et al., 2004; Burgess, Johnson and Granato, 2009). This raises the
possibility that robo3 mediates one of the steps of dorsal nerve regeneration that
requires attraction: initial attraction of regenerating dorsal nerve axons to the nerve
branch choice-point and/or attraction of dorsal nerve axons toward the dorsal muscles
after exit from the nerve branch choice-point. Importantly, in addition to its attractive
functions, zebrafish robo3 is a high-affinity Slit-receptor (Zelina et al., 2014), and thus it
is also possible that robo3 functions redundantly with robo2 (and possibly robo1) to
promote dorsal axon regeneration. To dissect out redundant and divergent roles of the
individual Robo-receptors in dorsal axon guidance, it will be necessary to examine single
and combination loss of function mutants in these receptors.
Finally, the role of robo2 in dorsal nerve regeneration requires col4a5 produced by a
small population of sox10+ glial cells at the nerve branch-point. The restrictive nature of
this upregulation is striking and leads to three very interesting questions. First, prior to
nerve transection, sox10+ glia are observed only along the dorsal and the ventral nerve
branches. During nerve regeneration, however, sox10+; col4a5+ glia are present in the
area between the dorsal and ventral nerve branches. It is likely that these glia migrate
from the denervated nerve branch into this region, but time-lapse imaging will need to be
performed to determine this. To specifically label these specialized cells, a fluorescent
reporter could be knocked in to the endogenous col4a5 or slit1a locus. Next, given their
location during regeneration, it is possible that this specialized subset of glia are not
Schwann cells, but instead motor exit point glia (MEP glia) which are a special group of
myelinating glia present at the boundary between the CNS and PNS (Smith et al., 2014).
To determine whether this is the case, in situ hybridization should be performed to see
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whether these col4a5+,slit1a+ glia express wif1, a marker for MEP glia. Finally, it will be
interesting to determine how these specialized glia sense spinal motor nerve injury and
whether they respond to spinal motor nerve injury at locations other than the nerve
branch-point. As discussed above, our experiments suggest that these glia upregulate
slit1a and col4a5 regardless of which nerve branch is injured. It will be interesting to
identify additional guidance molecules that upregulated by these cells after nerve
transection, whether the profile of molecules upregulated varies depending upon the
location of nerve injury, whether the upregulation of these molecules requires classical
Schwann cell injury response genes, such as c-Jun and sox2 (Balakrishnan et al., 2021).

Closing remarks
Functional recovery after peripheral nerve injury is often poor because axons regrow
toward inappropriate targets. Yet few molecules or mechanisms that guide regenerating
axons toward appropriate targets have been identified. Although it is clear that
regenerating axons navigate an environment substantially different from that in the
developing embryo, the work presented here suggests that the cellular pathfinding
strategies and general mechanisms that guide regenerating axons resemble those that
underpin neural development. To select between different trajectories, regenerating
axons utilize differentially expressed axon guidance receptors to interpret transient
guidance information in their environment. Importantly, this guidance information is
provided by different cell types than in development and adapted to environmental
contexts and decision-points specific to regeneration, such as nerve branch-points. The
experiments presented here provide one concrete example of how regenerating axons
select between different trajectories. It is my hope that this is one small step toward
guiding regenerating axons toward appropriate targets, and thereby promoting functional
recovery from nerve injury, in human patients.
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